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ABSTRACT 
BIOPHYSICAL AND BIOANAL YTICAL STUDIES 
OF HY ALURONAN AND LIPIDS 
Kristen Ann Magness 
July 11,2012 
Hyaluronan (HA) is a major structural component of the ocular vitreous humor 
(V H) and lipids are essential building blocks of cell membranes. However, little is known 
about their possible interactions. The VH is known to undergo liquefaction throughout 
the lifetime that may result in complications such as posterior vitreous detachment. The 
possible roles of lipids in the age-dependent liquefaction of the VH are unknown. 
As a first step in this new area of research in our group, model studies of the 
repeating unit of polymeric HA were performed. This unit contains glucuronate (GlcU) 
linked to N-acetylglucosamine (G1cNAc) via a 1-3 linkage. The sample contained both a 
and ~ anomers leading to significant NMR (nuclear magnetic resonance) spectral 
complexity. Through the powerful combination of inverse heteronuclear 2D experiments, 
the resolution and assignment of all resonances for both anomers were achieved. 
Temperature-dependent changes in the NH resonances revealed the formation of weak or 
water-mediated intramolecular H-bonds. 
The polymeric form of HA was then investigated in D20 and its interactions with 
various lipids were probed. The analysis of chemical shifts and bandwidths of IH 
v 
NMRresonances revealed the strongest interactions to be between HA and unsaturated 
oleic acid and lyso-oleoyl-phosphatidy1choline. 
Because matrix-assisted laser desorption/ionization mass spectrometry (MALDI-
MS) will be used to analyze the components of the VH in situ, we evaluated changes in 
relative ionization efficiencies (RIE) when the repeating unit of HA and lipids were 
present in the model samples. Smaller lipid metabolites caused the greatest reduction of 
the RIE of HA but phosphatidic acid had no effect. On the other hand, HA decreased the 
ionization of all lipid species, almost equally, by ~50%. These findings suggest that the 
interactions of these species in the gas phase lead to partial blockage of the ionization 
sites. Preliminary results have been obtained for the VH by both NMR and MALDI-MS 
and do show the presence of lipids within the VH. In addition, oxidation of the VH leads 
to the presence of oxidized compounds and liquefaction. Future studies will focus on the 
isolation and characterization of these products of oxidation. 
vi 
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CHAPTERl 
INTRODUCTION AND BACKGROUND 
This chapter provides background information on the ocular vitreous humor (VH) 
or gel and surrounding tissues (i.e. lens and retina). Special attention is given to one of 
VH's most critical components, hyaluronan (HA). In addition, a summary of lipids, their 
presence in the VH, and what is known about their interactions with HA is presented. It is 
important to highlight that this is a new area of research in our group. For that reason, 
most of the results reported in this dissertation are based on model studies and only 
Chapter 4 presents our initial studies of human VH mass spectral (MS) approaches. In 
Chapter 5, preliminary nuclear magnetic resonance (NMR) data are shown and the 
directions for future research in this new field are delineated. 
OCULAR VITREOUS HUMOR 
Despite comprising over four-fifths of the eye's volume,l the VH is one of the 
least understood regions of the eye.2 The VH is the transparent, gel-like substance which 
fills the center of the eye, posterior to the lens and anterior to the retina (Fig. 1-1). It is 
highly hydrated, yet quite viscous (two to four times more viscous than water),3 elastic, 
but interestingly, somewhat rigid. These unique physical properties derive from a 
biomatrix composed of collagen fibrils and HA in relatively small amounts. Collagen can 











Figure 1-1. Diagram ofthe eye. 
Zonules 









Figure 1-2. Molecular composition and organization of the VH. (Source: Adapted from 
Kornfield, 1. A., et al. Journal of Biomechanics 2008, 41 , 1840-1846.5) 
3 
Functions 
Although once considered an "inert space filler", 6 recent studies have shown that 
the VH plays an important role in both the structure and function of the eye. These 
primary functions can be summarized as follows 1) developmental - mediating proper 
growth of the eye, 2) optical - maintaining a clear path to the retina and allowing 
accommodation of the lens, and 3) mechanical - providing support to the various ocular 
tissues.7 Additionally, and of relevance to this project, it has been suggested that it serves 
as a metabolic repository for the surrounding ocular tissues.7,8 
Anatomy 
In the normal adult human eye, the VH is approximately 16.5 mrn in length (along 
the optical axis)9 and occupies a volume of about 4.5 mL. I It is nearly spherical, except 
for an anterior depression (patellar fossa) corresponding to the location of the lens (Fig. 
1_3).1 The central vitreous comprises the bulk of the VH and contains the hyaloid canal, a 
remnant of the embryological hyaloid artery.4,IO The vitreous cortex is a thin outer layer 
(1 00-300 ~m thick) that surrounds the central vitreous and is distinguished by a higher 
density of collagen. I It attaches to the lens anteriorly and to the retina posteriorly. I I The 
anterior vitreous cortex runs from the pars plana of the ciliary bodies and covers the 
posterior lens surface.4 The portion that runs between the pars plana and the lens (and 
adjacent to the zonules) is in direct contact with the aqueous humor, allowing for the 
exchange of molecules.4 The posterior vitreous cortex is located parallel to the anterior 
retina, although it is thinned over the macula and absent at the optic nerve. 12,13 The 
greatest concentration of collagen fibrils is in the vitreous base, the annular zone that 
straddles the ora serrata (the jagged junction between the retina and the ciliary body).1 It 
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Figure 1-3. Detailed anatomy of the VH and organization of collagen fibrils. (Source: Adapted from Bishop, P. N. Progress in 
Retinal and Eye Research 2000, 19, 323-344.4) 
and several millimeters into the VH.12,14 The vitreous base also represents the region of 
strongest attachment and is firmly adhered to both the ciliary body and the retina. I I 
Vitreous attachments to surrounding ocular tissues (lens, ciliary bodies, and retina) occur 
through the condensation3 and insertionl5,16 of vitreous collagen fibrils into the basal 
laminae of the adjacent cells. 12 
No blood vessels penetrate the VH, thus making it avascular. 17 In addition, the 
VH is nearly acellular.4 A very small number of cells is present in the vitreous cortex and 
these cells concentrate in the vitreous base.2,l8 The cell population is predominantly (> 
90%) hyalocytes? These cells are metabolically active and synthesize extracellular 
matrix (ECM) components, including HA and collagen. 19-21 In addition, they have 
phagocytic and antigen-presenting properties that modulate inflammation and immune 
response. Other cells resembling macrophages and fibroblasts have also been found, but 
represent less than ten percent of the total cell population.4 
Molecular Composition 
The VH is highly hydrated being composed almost entirely of water (> 98% by 
weight).4,22 Although present in relatively small amounts (~ 0.1 % by weight),22,23 
collagen and HA are the major structural components of the VH and are responsible for 
its physical properties, including its gel-like nature. As stated previously, collagen can be 
considered to act as the scaffold while HA fills the spaces in between (Fig. 1-2)?,4 As a 
first step to understanding this network, we have focused on HA and the possibility of 
hydrophobic interactions with lipids. The VH exists in two states: liquid (containing non-
bound water) and gel (containing bound water)?4 The gel portion contains water that is 
trapped within the macromolecular network of the VH. On the other hand, the liquid 
portion includes 'free water' only.25 The ratio of the two states has been determined by 
6 
measuring the freezable (free) and non-freezable (bound) water content.26,27 This ratio 
varies significantly with age.28 
Normal aging processes lead to the liquefaction and contraction of the VH. The 
liquefaction process does not occur uniformly and begins in the central VH where 
pockets ofliquid form and eventually enlarge and coalesce (Fig. 1_4).25,28-30 Studies have 
shown that in humans, liquid vitreous is initially present as early as four years of age.28 
By the time the eye reaches adult size (14 to 18 years), around 20% of the total VH 
volume consists of liquid VH.2 After 40 years of age, there is a steady increase in VH 
liquid and a corresponding decrease in VH gel? By the 8th and 9th decades of life, more 
than 50% ofthe VH is liquefied?1 
The gradual and progressive aggregation of collagen fibrils leads to formation of 
liquid pockets which are void of collagen fibrils. 32-34 Additionally, depolymerization and 
conformational changes in HA may also playa role in liquefaction.35-37 Conformational 
differences have been detected by circular dichroism (CD) for gel and liquid VH which 
suggest a conformational change for the carboxylic group.38 Free radicals, generated by 
metabolic processes or by photosensitized reactions, have been shown to induce 
depolymerization and conformational changes in HA.31 ,39,40 This is plausible because the 
cumulative effects of a lifetime of daily exposure to light could indeed influence the 
structures and interactions of VH collagen and HA. 
Liquefaction and thinning of the VH weakens the adhesion between the posterior 
VH cortex and the inner limiting membrane of the retina and can ultimately lead to 
posterior vitreous detachment (PVD). PVD occurs when the vitreous separates from the 
retina (Fig 1_4).41--44 The most common symptom ofPVD is the perception of 'floaters' in 
the visual field. Floaters result from cells and other organic debris that float freely into 
7 
Early liquefaction Extensive liquefaction 
Acute PVD Complete PVD 
Figure 1-4. Liquefaction and posterior vitreous detachment (PVD) from the retina. 
(Source: Adapted from Bishop, P. N. Progress in Retinal and Eye Research 2000, 19, 
323- 344.4) 
8 
the VH.45 They are perceived visually as spots or strands and because the VH is stagnant, 
they will remain there unless surgically removed. 
It is interesting to note that degradation of the VH by collagenase leads to collapse 
of the gel network, but leaves a viscous solution of HA. By contrast, the degradation by 
hyaluronidase (HAase) has led to shrinkage of the VH but not entire gel collapse.7 On 
this basis, collagen fibrils provide mechanical strength and the swollen HA 
macromolecules fill the space in between to prevent collagen aggregation.46 However, 
this study only looked at the short-term effects of HA removal. In the long term, it is 
likely that both collagen and HA are important to the stability of the gel. 
Hyaluronan and Other Glycosaminoglycans 
Hyaluronan (HA) belongs to a group of compounds known as 
glycosaminoglycans (GAGs) which are defined as large unbranched polysaccharide 
chains, made up of repeating disaccharide units (specifically a hexose or hexuronic acid, 
linked to a hexosamine ).47,48 Besides HA, other GAGs such as chondroitin sulfate (CS) 
and heparan sulfate (HS) are worth noting. These differ from HA in that they have their 
own characteristic repeating disaccharide unit and they are sulfated. Interestingly, HA is 
synthesized in the plasma membrane while all other GAGs are synthesized within the 
endoplasmic reticulum and Golgi bodies.49 Hyaluronan is synthesized by transmembrane 
glycosyltransferase enzymes (HA synthases).50,51 Monosaccharides are added on the 
cytoplasmic side of the cell membrane and the growing chain is extruded into the 
extracellular matrix (ECM) (Fig. 1_5).51 
Hyaluronan is a polymer composed of repeating disaccharide units of glucuronic 
(G1cU) and N-acetyl-glucosamine (G1cNAc).47 The monosaccharide units are linked 







Figure 1-5. Synthesis of HA, by transmembrane protein HA synthase, and extrusion into 
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Figure 1-6. Chemical structure of the repeating disaccharide unit of HA (a) and the 3D 
structure of polymeric HA, in a four-fo ld helical conformation, represented by ball and 
stick (b) and space-filling (c) models. (Sources: Adapted from: a) 
http://glycoforum.gr.jp/sciencelhyaluronanlHA21EIHA21E.html b) Sheehan, J. K. , et al. 
Journal of Molecular Biology 1983, 169, 813-827.53 c) Sheehan, J. K ., et al. Journal oj 
Molecular Biology 1998, 284, 1425-1437.54) 
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a polyanion under physiological conditions as a result of deprotonation of the carboxylic 
groups (pKa ~ 3)55 on GlcU residues. 56 The terms hyaluronic acid and hyaluronate have 
been designated to refer to the acid and the ionized form, respectively. 57 The term 
hyaluronan is used generally to refer to either form. 57 
The chemical structure of HA is highly conserved throughout nature although it is 
quite polydisperse in terms of size.58,59 In human VH, the HA chains have molar masses 
between 3,000 and 4,500 kDa60 and chains composed of 7,500 and up to 11,300 
disaccharide units. This corresponds with lengths of approximately 10 /lm.52 Branching 
does not occur in the HA polymer and thus no side chains exist in the polymer, as 
determined by electron microscopy.6l 
The dynamic nature and conformational versatility of HA has been examined by a 
number of techniques (i.e. X-ray diffraction, computer simulations, and NMR). X-ray 
diffraction studies have found left-handed, two-, three-, and four-fold helical 
conformations under different experimental conditions (i.e. counterion, pH, temperature, 
humidity).62,63 A four-fold double helical structure was even observed under more exotic 
conditions (i.e. Rb+ or Cs+ ions).64 Computer simulations have shown that HA can adopt 
a range of extended (~1.0 nm axial rise per disaccharide) and condensed (~0.8 nm axial 
rise per disaccharide) conformations. 54 Under physiological conditions, HA is best 
characterized as a four-fold helix with 2.8-4.5 disaccharides per tum (Fig. 1-6b and 
c ).62,63 
In solution, HA can be described as an expanded random coi158,65--67 occupying a 
large molecular domain.49 Due to this configuration, HA chains entangle with each other 
even at low concentrations. 52 Intramolecular H_bonding68-70 and water-mediated7l H 
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Figure 1-7. Possible intramolecular/intrachain H-bonds of HA, shown in a tetrasaccharide-size repeating unit of HA, based on 
computer simulations. H-bonds are indicated by the dotted lines. a) Linear depiction featuring a .water bridged H-bond b) 
Conformation induced due to alternating linkages and H-bonding. (Source: b. Adapted from 
http://glycoforum.gr.jp/science/hyaluronan/HA02/HA02E.htrnl and Atkins, E. D. T. , et at. International Journal of Biological 
_ _ ~n 
the chain, H-bonding along the chain also generates hydrophobic patches,72 resulting 
from the axial hydrogens forming a non-polar, relatively hydrophobic, face while the 
equatorial side chains form a more polar, hydrophilic face (Fig. 1_8).52 This creates a 
'twisting ribbon-like' structure for HA with alternating hydrophilic and hydrophobic 
faces (Fig. 1-8b). 52 Rotary shadowing electron microscopy of human and bovine VH 
detected lateral aggregates of HA in a three-dimensional network. 72 Chain-chain 
interactions are believed to result from intermolecular H-bonding and/or the association 
of hydrophobic patches between HA molecules. Intermolecular H-bonding is also 
responsible for the high viscosity associated with HA. 
An important property of HA is steric exclusion, which results from the large 
molecular domain and entanglement of HA chains.7 Steric exclusion allows the passage 
of some molecules, but not others, based on size and shape. Smaller species (i.e. ions) are 
able to diffuse freely through the VH while the flow of larger molecules (i.e. proteins) is 
hindered or completely restricted. Additionally, HA solutions are markedly non-ideal in 
terms of osmotic pressure. 73 Indeed, whereas in an ideal macromolecular solution the 
osmotic pressure increases linearly with concentration, the pressure of HA rises more 
rapidly with increasing concentrations (1-10 mg/mL). For this reason, HA acts as an 
osmotic buffer so that a small decrease in the concentration of HA, due to water influx 
into the matrix, leads to a marked drop in osmotic pressure and causes water to leave the 
matrix.74,75 
Within the VH, HA forms a three-dimensional network interspersed among 
collagen fibrils, and the network can vary depending on whether the helix is in a 
compressed or extended configuration.76 The degree of hydration has a significant 




Figure 1-8. Hydrophilic (blue) and hydrophobic (red) patches of the HA polymer at the 
molecular level (a) and in solution in a 3D domain (b). (Source: b. Adapted from 
http://glycoforurn.gr.jp/science/hyaluronan/HAOlIHAOIE.html) 
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volume of the unhydrated HA molecule is about 0.66 cm3/g whereas the hydrated specific 
volume is 2,000 to 3,000 cm3/g (more than three orders of magnitude increase)76 
Hyaluronan also interacts with the surrounding mobile ions and can undergo changes in 
its conformation.46 A decrease in the surrounding ionic strength can cause the anionic 
charges on the polysaccharide backbone to repel one another, resulting in an extended 
configuration of HA.2 An increase in ionic strength allows closer association of HA 
molecules causing a compressed configuration that can lead to contraction of the entire 
VH body. As a result of HA's entanglement and immobilization within the VH collagen 
fibril matrix, this mechanical force can be transmitted by collagen fibrils to the 
surrounding ocular structures (i.e. retina, optic disc) and may be important in certain 
pathological conditions that feature fluctuations in ionic balance and hydration (i.e. 
diabetes)? 
The VH gel is heterogeneous in nature and concentration gradients of several 
molecular components exist within the various regions.7 The highest concentration of HA 
is found in the posterior VH and its concentration decreases anteriorly, with the lowest 
concentration found in the retrolental area.22 Throughout the life span leading to the adult 
stage, changes in HA concentration occur. There is a four-fold increase in HA 
concentration during the first two decades of life, and then it remains steady (~ 0.2 
mg/mL) past the age of twenty until around 70 years of age when it again increases (> 0.3 
mg/mL).25 The large increase of HA concentration early on in life parallels the period of 
eye growth but the synthesis of HA far exceeds the rate of eye enlargement. As HA 
synthesis stabilizes, concentrations remain constant due to escape of HA into the anterior 
segment of the eye and possible re-uptake by hyalocytes.2 With age, liquefaction occurs 
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and the volume of the liquid VH increases. The relative increase later on in life represents 
the accumulation of HA in the liquid portion of VH. 2 
Other Glycosaminoglycans. A small portion of the collagen in the VH is in the 
form of a proteoglycan where it contains a covalently bound chondroitin sulfate (CS) side 
chain. These CS side chains can act to bridge neighboring collagen fibrils as illustrated in 
Figure 1_9.7 Most of the CS in the VH is in the form of the versican proteoglycan which 
is believed to form complexes with HA as well as with microfibrillar proteins such as 
fibulin-l and fibulin-2. 4 Another GAG, heparan sulfate was detected in bovine VH and in 
chick VH. However, it is not clear whether it is a true component of the VH or a 
contaminant from adjacent basement membranes, such as those in the internal limiting 
lamina of the retina.4 
Collagen, Other Proteins, and Amino Acids 
Collagen is the major structural protein of the VH. Within the VH, these collagen 
fibrils are orientated in specific directions (Fig. 1-3). Individual collagen molecules 
assemble to form major collagen fibrils which can be visualized by electron microscopy 
(Fig. 1_10).77,78 These fibrils are rope-like in nature, with a diameter of 10-20 nm, and are 
characterized by high tensile strength.79 They are heterotypic in that they contain 
molecules of different types of collagen. Collagen fibrils in the VH are characterized by 
protruding N-propeptide regions extending outward from the collagen fibril. These 
extensions result from the incomplete processing of procollagen by collagenase and may 
mediate interactions with other ECM components of the VH. As mentioned previously, 
one of the outer collagen types is a proteoglycan containing covalently bound CS side 
chains which often bridges neighboring collagen fibrils. 8o In this way, adjacent collagen 




Figure 1-9. Molecular organization of hyaluronan, HA (blue), collagen (green), and 
chondroitin sulfate, CS (red) in the VH. (Source: Adapted from 
http://www.glycoforurn.gr.jp/scienceihyaluronanlHA02/HA02E.htrnl and Scott, J. E. Eye 
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Figure 1-10. Major heterotypic collagen fibril in the VH (not to scale). (Source: Adapted from Bishop, P. Eye 1996, 10, 664-
670.81 ) 
Collagen is synthesized by both hyalocytes and by retinal cells.82 The highest 
concentration of collagen is found in the VH base, followed by the VH cortex.2 The 
lowest concentration of collagen is seen within the central VH. Balazs and Denlinger 
originally determined that collagen concentration decreases during the first decade of life 
as a result of no net synthesis of collagen as the eye grows.25 The discovery of 
procollagen,83 the presence of immature cross-links,84 and morphological evidence of 
vitreous collagen synthesis by the peripheral retina in the adult eye43 suggest some (albeit 
at a very low-level) postnatal synthesis of collagen.85 From 20 to 40 years of age, there 
are no significant changes in collagen content which is consistent with the long life span 
of the molecule and its lack of significant tumover.25 However, collagen concentration 
begins to increase past the age of 40 as significant liquefaction begins to occur and the 
portion of gel VH decreases. 
Other Proteins. In addition to collagen, non-collagenous structural proteins are 
found in the VH. These include fibrillin-containing microfibrils (which are more 
abundant than type VI collagen microfibril), opticin, and VITl.4 Opticin is found bound 
to the surface of collagen fibrils and is believed to be important in collagen fibril 
assembly and in preventing aggregation of adjacent collagen fibrils into bundles. 
Soluble proteins also exist and have been found to resemble serum proteins. This 
finding led investigators to conclude that the soluble proteins of VH derive from plasma 
and are constantly renewed. According to Balazs, the glycoprotein content in the VH is 
high, as these constitute 20% to the total non-collagenous protein content. Sialic acid-
containing glycoproteins are more numerous in the VH than in the serum, and more 
abundant among non-collagenous VH proteins. Cartilage oligomeric protein (COMP) is 
an acidic glycoprotein present in the VH but its function is currently not known. 
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Amino acids. Amino acids are present at concentrations one-fifth of those found 
in plasma.86 The highest concentrations are found anteriorly.2 This may be due to uptake 
and utilization of amino acids by the retina and led Reddy to propose that the VH acts as 
a metabolic repository for retinal protein metabolism.87 
Other Compounds 
Other molecules exist in the VH, albeit at very low concentrations. Concentration 
gradients are typically found with higher concentrations in the anterior region. Various 
ions are present; sodium, chloride, and bicarbonate ions are the most abundant. Low-
molecular weight (MW) compounds (i.e. amino acids, glucose, lactic and ascorbic acids) 
have also been detected within the VH. Interestingly, ascorbic acid is found at 
concentrations ten times greater than those found in serum.2,88 It is thought to be actively 
secreted by the ciliary body epithelium.89,90 The purpose of such high concentration may 
relate to its ability to absorb UV light and to serve as a free-radical scavenger that may 
protect the VH, retina, and lens from the negative effects of metabolic and light-induced 
generation of radical oxygen species.39,91,92 Lipids have been detected in the VH. Because 
of the relevance of the presence of lipids in the VH in this project, this topic is discussed 
in the next section. 
LIPIDS 
Our group has been studying lipids for over two decades and has successfully 
detected and analyzed them in mammalian lens and other biological tissues.93-97 
However, our group has yet to study lipids in the VH. Of special interest to this project 
are glycero-, and sphingo- phospholipids (PLs and SLs), glycolipids (GLs), and their 
metabolites (Fig. 1-11). 
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Figure 1-11. Lipid structures and classifications: glycerophospholipids (PLs), 
sphingolipids (SLs), and glycolipids (GLs). RJ and R2 designate fatty acid acyl chains. 
Glycerol and sphingosine backbones are shown in gray. 
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Lipids in the VH 
In the 1960s, Renshaw and coworkers analyzed the fatty acid composition of 
lipids in saponified tissues of different parts of the ox eye.98 Fatty acids were 
subsequently extracted, methylated, and analyzed by gas chromatography (GC). In the 
VH, fatty acids were determined to be present at a concentration of 5.3 mg/g dry weight. 
Of all the fatty acids present, palmitic (16:0) acid was the most abundant (21%), followed 
by 20% linoleic (18:2), 17% oleic (18:1), and 12% stearic (18:0) acids. Interestingly, 
linoleic acid was reported to be present in amounts almost three times greater than those 
found in the aqueous humor, and oleic acid was found in quantities twice as high as those 
in the aqueous humor. On the other hand, larger fatty acids, containing chain lengths of 
twenty or more carbons, were present in significantly less amounts in the vitreous body 
compared to the aqueous humor. Broekhuyse found the total lipid content to be high in 
the retina and relatively low elsewhere in the eye (i.e. lens and VH).99 He extracted PLs 
from calf eyes using chloroform-methanol mixtures, labeled them with 32p, and 
quantitatively analyzed them through 2D thin layer chromatography (TLC). He found the 
most abundant PLs in the VH to be phosphatidylcholine, PC, (36.0%); sphingomyelin, 
SM, (30.5%); and phosphatidylethanolamine, PE, (15.3%). Lyso-phosphatidylcholine 
(LPC) was shown to make up only 0.5% oftotallipid content in the VH. 
In 1975, Swann et al. found significant quantities of fatty acids in rabbit VH, 
particularly palmitic (16:0) and stearic acids (18:0).100 With the use of gas 
chromatography (GC), they analyzed an insoluble protein fraction (85% collagen) that 
was obtained after melting and separation by centrifugation. Because they had to 
derivatize the lipids to allow for GC analysis, the actual entity of the lipids containing 
these fatty acids could not be determined. 
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In 1976, Kim and Cottier, studied the PL distribution and fatty acid composition 
in the aqueous humor, lens, and VH of rabbit using TLC and GC analysis. 101 They 
determined the major PLs in the VH to be phosphatidylcholine (PC) and 
phosphatidylethanolamine (PE) and the major fatty acids from PC to be palmitic acid 
(16:0) and myristic acid (14:0).101 They determined the composition of PLs in lens and 
VH to be remarkably similar and suggested that PE may derive from lens or retinal 
tissue. 101 In addition, they found the levels of PLs in all these tissues to be dramatically 
lower than those in serum. 101 
In 1986, the fatty acid compositions of VH from canine and human eyes were 
studied. l02 It was determined that the fatty acid composition of VH is similar in both 
species. They found that 55% of the acyl chains were saturated with the major 
components being palmitic and stearic acid. Among unsaturated fatty acids, linoleic 
(18:2) and arachidonic (20:4) acids were the most abundant. l03 Interestingly, the total 
content and composition of fatty acids in human VH did not change significantly between 
the ages of 37 and 82 years. 
Glycolipids in the VH 
Gaucher disease IS a lipid-storage disease caused by the deficiency of 
glucocerebrosidase and leads to high levels of glucosylceramide.104--107 This disease has 
been shown to affect the VH. Indeed, VH opacities were found to be present in 
approximately 3% of a series of 80 patients with type 1 Gaucher disease. 108 Only those 
who had undergone a spleenectomy showed a tendency to form VH aggregates. 
Grabowski et al. suggested that this is probably due to the presence of higher levels of 
circulating glucosylceramide in these patients, thus resulting in manifestations in unusual 
systemic locations, such as the eye. 108 The pathophysiological mechanism of 
24 
glucosylceramide deposition in the VH cavity is unclear. Tketomi et al. analyzed the SLs 
in the VH of patients with Gaucher disease using matrix-assisted laser desorption 
ionization mass spectrometry (MALDI-MS).I09 They found ions with mlz values 
corresponding to different ceramide monohexoside (CMH) species. In addition, they 
detected several species of sphingomyelin (SM).109 Both CMH and SM were found to 
have oleoyl (18: 1) acyl chains, but with differences in the location of the site of 
unsaturation. The results were as follows: a) the mlz values of the ions found in the mass 
spectra for the control and the Gaucher-disease patient corresponded to different SM 
species, and b) the mass spectrum of the VH from the Gaucher-disease patient showed 
additional ions with mlz values corresponding to different CMH species. The researchers 
indicated that the accumulation of CMH in VH bodies from Gaucher disease patients 
could be easily detected with the MALDI-MS. 
HA-LIPID INTERACTIONS 
To date, very few reports have explored HA in combination with hydrophobic 
molecules, such as lipids. Some investigators have reported that HA can interact with the 
hydrophobic regions of molecules such as lecithinllO and the hydrophobic surface of 
graphite. I I I It is likely that these interactions occur through the hydrophobic patches on 
HA. However, no studies have been undertaken to examine the exact nature of the 
interactions at the atomic level. 
Biological interactions between HA and lipids have come to light in recent 
studies. Lipoproteins and HA have been isolated from human aorta fibrous plaque lesions 
digested by elastase and fractionated by gel-filtration chromatography (GFC).112 
Fractions were analyzed by molecular sieve chromatography and ultracentrifugation and 
found HA associated with lipoproteins. The complete absence of other GAGs associated 
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with the lipoproteins suggests that the HA-lipid interaction may play a role in the 
aggregation and entrapment of macromolecules in arterial connective tissue. Ionov and 
coworkers studied the interactions of lipid monolayers with HA to gain insight into HA's 
interactions with the cell membrane by thermodynamic and x-ray diffraction analysis. l13 
They found that HA was capable of modifying the membrane structure. The presence of 
charges induces a specific organization of HA at the water/membrane interface. This 
effect may in tum influence the membrane transport processes. 
Antioxidative properties of HA have also been studied in biological systems. 
Modified HA (HyPE), HA polymer covalently linked to PE, was found to interact with 
low-density lipoproteins (LDL) as indicated by photon correlation spectroscopy, and 
broadened IH NMR signals of the LDL's PLS. 114 The interaction was shown to inhibit 
copper-induced oxidation of the LDL polyunsaturated fatty acids. The small amount of 
HyPE Gust a tenth of the concentration of PLs in LDLs) required to inhibit all LDL 
oxidation indicates the antioxidative behavior of HyPE cannot be attributed to 
competitive binding of eu to HA. Instead, formation of a sugar network around the LDL 
has been proposed. The antioxidative effect was large for low-MW HA and only slight 
for high-MW HA. This information may be useful in the prevention of atherosclerosis 
which involves the oxidation of LDL's. Unmodified HA polymer and fragments were 
also shown to exhibit antioxidant properties in lipid model systems (stratum corneum 
intercellular lipid matrix) exposed to ultraviolet (UV) radiation by reacting with radicals 
and reducing the amount lipid peroxidation secondary products formed. I IS Mass 
spectrometric studies showed that HA was degraded after acting as an antioxidant, and 
electron paramagnetic resonance (EPR) studies suggested an iron chelation to HA as the 
mechanism responsible for its antioxidant behavior. 
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Modified liposomes containing covalently bound HA have been investigated for 
their application in drug delivery. These modified liposomes offered advantages of long 
circulation and high affinity to overexpressed recognition sites in tumors. It has also been 
shown that HA acts as a cryoprotectant for lyophilized liposomes, preventing the fusion 
of unilamellar liposomes into multilamellar liposomes.11 6 It was suggested that the 
mechanism involves retention of structure-stabilizing H-bonds at the liposomal surface 
upon lyophilization. PL-HA microparticles have been used to encapsulate 
dexamethasone, an anti-inflammatory drug used in the treatment of acute and chronic 
posterious segment eye diseases (i.e. uveitis) and in cases of neovascularization (i.e. 
proliferative vitreoretinopathy and subretinal neovascularization).ll7 In the absence of 
HA, dexamethasone led to strong particle aggregation, whereas in the presence of HA, 
aggregation was practically suppressed. Hyaluronan also did not affect the release 
kinetics of dexamethasone. Another study looked at the interaction and adsorption of HA 
onto the surface of a hydrophilic corticosteroid drug. I IS The extent of adsorption was 
influenced by the conformation of the HA molecules in the solution from which 
adsorption occurred. Significant adsorption occurred in HA solutions of low 
concentrations (0.1 % w/v) due to hydrophobic interactions with patches along the HA 
chains. At higher concentrations, adsorption was reduced due to the formation of a 
tertiary network in which the hydrophobic patches are used for intermolecular 
interactions. 
The interactions between high-MW HA with di-palmitoyl-phosphatidylcholine 
(DPPC) liposomes in aqueous buffer were studied using electron microscopy and 
rheometric analysis. 119 The supramolecular structure resulting from incubation of HA 
with DPPC liposomes was visualized by rotary shadowing electron microscopy and 
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revealed "large, holey, and somewhat overlapping membranes interconnected or locked 
by HA threads". In the presence of DPPC, HA experienced a decrease in viscosity 
making it more labile to degradative enzymes. 
The only models for the interactions between HA and lipids have been proposed 
by Ghosh and coworkers. In 1994, they studied the chain flexibility of HA in the 
presence and absence of PLs using I H NMR spin-spin relaxation measurements of the 
acetamido-methyl protons (based on the methods of Darke and Finerl2D; discussed in 
Chapter 2).121 Sonication of high- and low-MW HA polymer with DPPC for periods of 
up to 60 minutes, markedly increased chain flexibility. The interactions were independent 
of HA concentration (up to 0.5 mg/mL) or MW but were dependent on the sonication 
times. They suggested a possible ionic interaction between HA's negatively-charged 
carboxylate and DPPC's positively-charged choline moiety. Moreover, they proposed 
that DPPC molecules compete for hydrophobic patches along the HA chain which are 
normally responsible for intra- and interchain interactions which confer stiffness to the 
HA molecules (Fig. 1-12a). Multi-angle laser light scattering (MALLS) provided 
evidence for the increase in MW of HA after sonication with DPPC. This is of biological 
relevance in synovial fluid where inflamed joints show substantially elevated PL content. 
In 1997, they applied negative stain and rotary shadowing electron microscopy to study 
HA of different MWs in PL suspensions (DPPC or egg lecithin) that were in the form of 
either unilamellar or multilamellar vesicles. IID Both unilamellar and multilamellar 
vesicles, in the presence of high-MW HA, gave rise to largely perforated membrane-like 
structures and 12 nm thick cylinders (,rollers') with a tendency to aggregate and form 
sheets. Low-MW HA appeared to induce fragmentation of liposomes and the formation 
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form a central filament surrounded by a PL bilayer radiating outward from the HA central 
core (Fig. 1-12b). The charged ends, corresponding to the PL headgroup, allow for the 
formation of a thin layer of water between adjacent cylinders. These studies, however, 
only skim the surface of possible interactions between HA and DPPC and do not address 
the changes that may occur at the atomic/molecular level. 
REASONS FOR THIS PROJECT 
The liquefaction of the VH, which is associated with aging, begins as early as the 
second decade of life and almost 50% of the VH is liquefied by the 8th and 9th decades of 
life. Additionally, diabetic patients develop VH degeneration earlier in life. Liquefaction 
is the result of the collapse or contraction of the collagenlHA network, the major 
component of the VH. However, the age-related changes that cause this liquefaction are 
not known at the molecular level. Previous work from our group has shown significant 
age-related changes in the composition of human lens lipids. Whereas fetal lens epithelial 
cells contain significant amounts of lipids with high degree of unsaturation, adult human 
lens fibers are largely void of unsaturated hydrophobic tails. This is a consequence of the 
preferential loss of unsaturated species by enzymatic degradation and/or chemical 
oxidation to create unsaturated and oxidized fatty acid degradation products. 12 The fate of 
these lipid metabolites, as well as the fate of retinal lipid metabolites, is not known. The 
possible effects that they may have on the VH remain to be explored. It is possible that 
they may find their way to the VH where they could undergo further oxidation and 
disrupt the biomatrix network by causing local increases in the acidity and/or by 
intercalation with the matrix. As a result, the forces that hold the water/collageniHA 
network together may be compromised leading to liquefaction of the VH. Although much 
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is known about the structure and properties of HA, very little is known about its possible 
interactions with lipids. 
Chapters 2 and 3 focus on NMR model studies of the HA disaccharide and 
polymer, respectively. Changes in chemical shifts and line widths are followed with 
changes in temperature and the presence of lipids. Because we wish to analyze lipids in 
situ by MALDI-MS in human VH, Chapter 4 explores first in vitro, the potential effects 
of HA and lipids on their relative ionization efficiencies (RIE's) in model studies. Then 
,the initial mass spectral studies of human VH are reported. Finally, Chapter 5 highlights 
the main findings of this project and possible directions of future studies. 
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CHAPTER 2 
NMR MODEL STUDIES OF HYALURONAN DISACCHARIDE 
INTRODUCTION 
This chapter focuses on the NMR analysis performed on a mixture of the a and ~ 
anomers of the unsaturated form of the repeating unit of hyaluronan (HA). This 
disaccharide (~DiHA) contains an N-acetylglucosamine (GlcNAc) and a glucuronic 
(~GlcU) acid unit which features a double bond between C4 and C5 of GlcU (~GlcU­
(l---+3)-GlcNAc). The power of 'inverse' two-dimensional NMR experiments is 
highlighted. This section provides information on previous NMR studies performed on 
HA oligo saccharides and discusses the basic principles of NMR spectral methods (both 
ID and 2D). 
NMR Spectroscopy Background 
ID-NMR: Basic Principles and Chemical Information Obtained 
Basic Principles. Nuclear magnetic resonance (NMR) spectroscopy is a powerful 
technique for determination of molecular structure and conformation. It rivals only X-ray 
crystallography in the precise structural information it can provide. 123 However, NMR 
can be applied to molecules in aqueous solutions that mimic physiological conditions, so 
that the effects of concentration, temperature, pH and interactions with other 
biomolecules can be studied. 124-126 This technique is based on absorption of 
radio frequency (rt) radiation by nuclei with a non-zero quantum spin number (I i- 0).125 
32 
In the studies presented in this dissertation, one- and two-dimensional experiments were 
carried out for the proton eH), carbon (l3C), and phosphorus e1p) nuclei within the 
sample. These nuclei all have a spin quantum number I = 1/2 which leads to two possible 
orientations for the spins. 125 In the presence of a large magnetic field, the energy levels 
corresponding to these orientations are split. The lower energy state (a) has a (slight) 
excess of nuclei that when irradiated with radiation whose energy matches the difference 
between the two levels (resonance condition), absorb this energy and the spins are flipped 
into the higher energy state (~).125 The relaxation processes allow the excited spins to 
return to their equilibrium state (excess of a spins), as described below. The free 
induction decay (FID) signal is recorded as a function of time and converted to the 
frequency domain by Fourier transform (FT). 
Chemical Information Obtained. The specific energies that are absorbed depend 
on the electromagnetic environment (nearby electrons and nuclei) of specific nuclei in a 
molecule. 126 From the analysis of chemical shifts (0), coupling constants (J-values), and 
integrations of the various resonances, molecular identification is possible and 
conformational details can be inferred. 
Relaxation processes allow nuclei to return to the lower energy state and reflect 
molecular motion.125 Spin-lattice and spin-spin relaxation with time constants T 1 and T 2, 
respectively, govern how fast relaxation can take place. Spin-lattice (longitudinal) 
relaxation occurs through the re-establishment of the Boltzmann distribution of spin 
states whereas spin-spin (transverse) relaxation occurs through the loss of phase 
coherence among nuclei. Both T 1 and T 2 depend on the tumbling or correlation time (tc), 
the time it takes for a spin to rotate one radian (Fig. 2_1).127 Larger molecules tumble 
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Figure 2-1. Relationship between correlation (tumbling) times ('tc) and relaxation times 
(TI and T2)' (Source: Adapted from http://www.chem.wisc.edu/areas/reichlnmr/08-tech-
o l-relax.htm) 
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time (T 2), and hence motion, can be inferred from the resonance linewidths at half-height 




Variations in T2 reflect changes in relative molecular motions (i.e. flexible vs. 
rigid) and are observed spectrally as the narrowing (flexible, long T2) and broadening 
(more rigid, short T 2) of the resonances. 127 Aggregates and larger molecules have longer 
correlation times (Tc) and small T 2 as they lose their phase coherence faster and therefore 
. . b d ak 127 gIve rIse to roa pe s. 
Besides the information obtained on chemical environment and motions of spins 
within a molecule, the strength of H-bonds can be inferred from temperature studies in 
which changes in chemical shift for N-H and O-H resonances are measured as a function 
of temperature. 128-134 The rate of change (~8/ ~ T) is referred to as temperature coefficient 
and can be used to assess the contribution of intra- and intermolecular H-bonds to 
molecular structure. 129,133 Decrease in chemical shifts (upfield shifts) are expected upon 
increasing the temperature due to weakening of H-bonds with solvent molecules (or in 
the case of bigger molecules, a moiety farther away in the same molecule). As the H-
bond weakens, the degree of deshielding of the donor proton diminishes quickly if the H-
bond is of intermolecular nature. Therefore, large (and negative) temperature coefficients 
suggest the involvement of the monitored proton in inter-molecular H-bonds (with either 
the solvent or another molecule of itself) while small coefficients reflect intra-molecular 
H-bonds in the molecule. 133 
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2D-NMR: Basic Principles and Chemical Information Obtained 
Basic Principles. Two-dimensional NMR spectroscopy IS used to study 
interactions of various types between two nuclei. The phase coherence is allowed to 
evolve in one spin and then magnetization is transferred, after rf (radiofrequency) pulses, 
to a second spin during a mixing time. 127 The 2D spectra contain two chemical shift axes 
and from the observed off-diagonal (cross) peaks, correlations between nuclei can be 
made. Interactions (magnetization transfers) can occur either through bond or through 
space. 
Chemical Information Obtained. Through-bond 2D conventional experiments 
include IH)H COrrelation SpectroscopY (COSY), IH)H TOtal Correlation 
Spectroscop Y (TOCSY), and HETeronuclear CORrelation Spectroscopy (HETCOR). 
COSY and TOCSY both provide information on correlations (connectivities) between 
different protons in the same molecule. COSY provides vicinal IH)H couplings while 
TOCSY provides long-range (up to three-four bonds) IH)H couplings. I27 HETCOR 
provides information on the connectivity between protons and a heteroatom, often l3C or 
15N. In HETCOR, the l3C magnetization is directly detected. Because of the low 
abundance of l3C and the smaller value of its magnetogyric ratio y (y l3C - 0.25 y IH), the 
sensitivity of this approach is not very high. 127 However, new techniques for 
heteronuclear 2D experiments have improved sensitivity significantly, as presented in the 
next section. 
Through-space interactions « 5 A) can be detected through Nuclear Overhauser 
Effect SpectroscopY (NOESY) and Rotating frame Overhauser Effect SpectroscopY 
(ROESy).127 Spatial relationships among protons (homonuclear NOESY) and other 
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heteroatoms (hetero-nuclear NOESY) can be analyzed to obtain structural/conformational 
details on a molecule or a molecular ensemble. 
Inverse Heteronuclear 2D NMR. Inverse 2D NMR experiments offer enhanced 
sensitivity relative to more traditional heteronuclear experiments such as HETCOR. This 
is a result of direct detection of 1 H nuclei and indirect detection of heteroatoms such as 
\3C or 15N .127 The observed signal intensity increases proportionally with y2 of the 
detected nuclei.126 The large y for IH (four times that of \3C) results in increased signal 
strength by a factor of sixteen. However, the noise in the signal increases with the square 
. root of the detected frequency. Therefore, since the precession frequency of IH nuclei is 
four times greater than that for \3C, the noise increases by a factor of two. Overall then, 
the signal-to-noise ratio (SIN) is eight times greater in an inverse IH_ \3C experiment. 126 
As mentioned above, inverse techniques take advantage of this difference in y by 
directly detecting protons. The high isotopic abundance of IH is irrelevant here because 
detection is dependent on the number of IH_\3C pairs in the sample, which is limited by 
the natural abundance of \3C . Another advantage is that a proton can only be attached to 
one \3C so that complexities of refocusing \3C antiphase coherence (caused by different 
optimal times for CH, CH2, and CH3) are avoided. 126 A proton coupled to \3C is always a 
doublet and never a triplet or quartet. The disadvantage to inverse 2D experiments is the 
appearance of undesirable 12C artifacts that result when IH nuclei are observed directly, 
because both the 1.1 % of protons attached to \3C and the 98.9% attached to 12C nuclei 
produce a signal. l26 The large signal corresponding to protons attached to 12C will have a 
much smaller l-value than that of the signal corresponding to protons attached to \3C 
(~150 Hz). 
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Heteronuclear single quantum correlation (HSQC) experiments examme one-
bond correlations between different nuclei (i.e. \3C and 1 H) through the evolution and 
transfer of phase coherence. 127 In a two spin-paired system, single quantum coherence 
refers to the simple magnetization of one spin changing its state (a-~ or ~-a). In 
heteronuclear multiple quantum correlation (HMQC) experiments, zero quantum (a~ 
-~a and ~a -a~) and double quantum (aa -~~ or ~~ -aa) coherences are allowed to 
evolve and converted back to the single quantum coherence that is detectable.126 
Additionally, inverse experiments have the ability to see long-range interactions 
between 1 H and heteroatoms over distances of two and three bonds. Heteronuclear 
multiple bond correlation (HMBC) experiments allow long-range interactions over 
distances of two- and three-bonds to be observed. 126 HMBC uses multiple quantum 
transitions similar to HMQC but much smaller J-values are selected for coherence 
transfer (10 Hz for HMBC vs. 150 Hz for HMQC) so that two- and three-bond 
correlations e,3 JCH ~ 10 Hz) are observed and the 1 JcH ~ 150 Hz is rejected. 127 These 
experiments provide a means for determining connectivities between atoms, and carbon 
skeletons of organic molecules can be traced OUt. 126 
Previous NMR Studies of HA Oligosaccbarides 
Polymeric HA faces several challenges for NMR analysis including poor 
chemical shift dispersion and spectral overlap. Additionally, its inherently large size and 
viscous nature gives rise to slow correlation times and thus small T 2 values. 125 This 
results in the broadening of resonances reducing spectral resolution. Due to the 
challenges facing NMR analysis of polymeric HA, researchers have turned to 
oligo saccharides (n :s 10) as models for structural studies of the polysaccharide (n 
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> 10).135 Oligo saccharides can also be prepared at higher concentration than the polymer 
without causing excess viscosity and line broadening. 
Unfortunately, oligo saccharides are much more sensitive to 'end-effects' than 
polymeric HA.l35 End-effects result from differences in chemical structure and 
environment for terminal rings, relative to more interior rings, because they lack one 
glycosidic bond each. These effects result in unique chemical shifts for equivalent nuclei 
at different positions (terminal, penultimate, or interior) within the chain, and sequence-
specific assignments are therefore necessary.136--138 Chemical shifts are also affected by 
which monosaccharide (GlcU or GlcNAc) appears at the reducing end. 135 Mutorotation of 
the anomeric carbon generates the a and ~ anomer causing anomeric-specific resonances 
in the terminal and penultimate rings at the reducing end (Fig. 2-2a; Table 2-1 ).139,136,140 
Interior saccharides provide the best approximation to the polymer and end-effects 
d· . . h . h . . h' 1 h 135 141 lmmls WIt mcreasmg c am engt. ' 
The vast majority of past NMR work, presented in the sections below, has 
focused on the fully saturated form of HA oligosaccharides. However, an unsaturated 
form (Fig. 2-2b), ~DiHA, featuring a double bond between C4 and C5 of GlcU is also 
possible. The double bond appears at the non-reducing terminus and is formed under 
. . d' . 142-145 S 'fi 11 h f' h certam enzymatIc con ItlOns. peCllca y, t e use 0 certam enzymes suc as 
chondroitinase or HA lyase derived from bacterial sources is required. This chapter will 
investigate the unsaturated form of the HA disaccharide in both anomeric forms. 
HA Chemical Shift Assignments 
Oligosaccharides of HA have been extensively studied by NMR in a variety of conditions 
and solvents, to approximate the polymer conformation. Assignments for di- and 
tetrasaccharides have been reported, but with some disagreement. 138,146,147 Most recently 
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Table 2-1. Selected IH NMR chemical shifts for terminal, penultimate, and residues of 
HA hexasaccharide. Chemical shifts were measured in 5-10% (v/v) D20 at pH 6.0, 
24.4°C and referenced relative to 8DSS(IH). Source: Adapted from Almond, A., et at. 
Carbohydrate Research 2006,341,2803-2815. 135) 
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Blundell and Almond reported the IH, 13C, and 15N resonance assignments and J-values 
(lJC,H and 3JH,H) for HA oligo saccharides up to hexasaccharide-size in D20 (Table 2_1).135 
This group achieved excellent resolution with the use of a 900 MHz NMR spectrometer. 
Two-dimensional experiments, TOCSY, COSY, NOESY and IH_13C and IH)5N HSQC 
were also performed on some oligosaccharides. 
To date, IH and 13C chemical shift assignments of unsaturated HA 
oligosaccharides have been limited to only the tetrasaccharide size in D201H20 for the 
assignment of ring and amide (NH) protons. 135 Rapid exchange of hydroxyl (OH) 
protons with the solvent prevented the assignments for these resonances being made. 
Amide and hydroxyl proton resonances of unsaturated HA oligo saccharides (di- to 
decasaccharide size) have been assigned in acetone-d6/H20 mixtures at sub-zero 
temperatures. 148 
Spectral overlap can be reduced through the use of isotopic enrichment and 
multidimensional NMR experiments. Two-dimensional NMR experiments use the greater 
chemical shift dispersion of a heteronucleus (C or N) to resolve coincident IH resonances. 
The use of isotopically (13C or 15N) labeled oligo saccharides enhances the sensitivity of 
these experiments because of increased concentrations of NMR-active nuclei. In HA 
analysis, 15N enrichment allows the measurement of properties at sequence-specific 
positions within the HA molecules via IH_15N HSQC. 149-151 However, new carbon-carbon 
and long-range scalar couplings can complicate the spectral analysis. These new 
couplings cause broadening and decrease the resolution. Blundell and Almond have 
exploited these couplings in IH_ 13C HSQC and designed a pulse sequence that produces 
filtered spectra with fewer resonances, and degenerate I H resonances can be potentially 
42 
resolved. 152 The sensitivity of 15N nuclei to end-effects has been shown to allow 
resolution and assignment of central amide groups up to decasaccharide-size. 
Intramolecular Hydrogen Bonds and the Role of Solvent 
The exchangeable amide (NH) and hydroxyl (OH) protons of HA 
oligo saccharides have been extensively investigated to gain insight into H-bonding 
interactions. The role of the solvent is crucial in these investigations. Early NMR work of 
HA oligo saccharides was performed in deuterated dimethyl sulfoxide (DMSO-d6) to 
avoid exchange of NH and OH protons with solvent (i.e. deuterium eH) from the D20) 
and thus allowing the detection of all exchangeable resonances. However, DMSO does 
not provide an ideal model for biological systems which are composed primarily of 
water. In comparison to water, DMSO is incapable of being a H-bond donor. 
DMSO Studies. Scott and Heatley were among the first researchers to examine 
the NH and OH protons on HA. Using DMSO as the solvent, they found 1H NMR 
evidence that supported four strong intramolecular H-bonds inferred from computer 
simulations (Fig. 1_7).69,70,136,139,153 Of particular interest was a H-bond involving the 
amide group that can act as a H-bond donor (NH) and/or a H-bond acceptor (C=O). Two 
NH resonances (8 7.8 and 9.3 ppm) were observed in HA tetra-, hexa-, and 
octasaccharides. 136 Interestingly, only the downfield peak (9.3 ppm) was observed for 
polymeric HA and only the upfield resonance (7.8 ppm) was observed in the GlcNAc 
monosaccharide and HA disaccharide. 136 Based on changes in relative intensities upon 
increasing chain length (l: 1, 2: 1, and 3: 1 from tetra- to hexa- to octasaccharide) the 
downfield resonances was attributed to NH protons on internal residues and the upfield 
resonance assigned NH of a terminal GlcNAc. As the polymer size increased, the upfield 
resonance became too small to be detected. On the basis of the downfield change in 
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chemical shift (~& = 1.5 ppm) as well as the lower rate of disappearance upon 
deuteration, the downfield resonance (9.3 ppm) was attributed to intramolecular H-
bonding of NH on interior rings to the neighboring carboxylate oxygen across the ~ 1-4 
glycosidic bond. Coupling constants (6-8 Hz) were found to be consistent with a trans 
orientation of NH relative to the ring proton at N_H2.70 Furthermore, they found the 
coupling constant of internal NH proton resonances to be significantly lower (6.2 Hz) 
compared to terminal resonances (~ 7-8 Hz) indicating a greater deviation (35-40°) from 
the trans orientation and a conformation where internal NH groups are ~ 90° to U-H2 
(Fig. 2-3a and b). This deviation from the trans orientation and also planarity was 
consistent with rotation required to form a H-bond between NH and the carboxylate 0 of 
~G1cU. Similar arguments, as well as temperature and concentration dependent studies, 
were used to propose the other three intramolecular H-bonds shown in Figure 1_7.70,139,153 
D20IH20 Studies. Cowman and her group questioned whether any intramolecular H-
bond would persist in aqueous solutions and reexamined the exchangeable proton 
resonances ofHA in aqueous 4:1 H20:D20 solution at pH 2.5 and 5.5 (due to broadening 
at neutral pH).137 Only the NH resonance was observed but not OH resonances due to 
rapid exchange of OH protons with water protons. They found NH resonances 
corresponding to internal and external G1cNAc residues, in agreement with Scott.136 
However, her group did not observe the large downfield shift of the internal residue 
resonance or the reduction of the coupling constant. They determined the coupling 
constant to be ~ 9 Hz representing a nearly pure trans relationship where the acetamido 
group is perpendicular with respect to the ring (Fig. 2_3a).137 The coupling constant was 
found to be essentially dependent on chain length, residue position, and pH. This finding 
suggested a constant NH orientation and was incompatible with the 35-40° deviation 
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from the purely trans orientation as required for the formation of the stable H-bonding 
proposed by Scott and Heatley (Fig. 2-3b). Cowman's group was unable to find evidence 
supporting the existence of a stable amide intramolecular H-bond and their coupling 
constant data was incompatible with the orientation proposed in DMSO. 
D20IDMSO Studies. In light of this evidence, Scott and Heatley reexamined their 
previous model. Through stepwise addition of water to DMSO (although only going up to 
12% D20 in DMSO), they found the NH chemical shifts gradually shifted upfield toward 
the values found in water, and saturation-transfer experiments suggested a slow exchange 
of the NH protons in the internal residues. 71 The slow rate of exchange and hindrance of 
exchange for internal NH resonances was consistent with the formation of a "firm water 
bridge". They proposed the replacement of the direct H-bond between NH and COO-
with that of an indirect, water-mediated H-bond (Fig. 2-3c). The analysis of the 
equilibrium between free and water-bound NH forms indicated that only one water 
molecule takes part in a water-mediated intramolecular H-bond. This water-bridged 
arrangement allowed the NH bond to be in the completely trans arrangement (relative to 
the U-H2 bond) as required by the coupling constant determined by Cowman (Fig. 2-
3C).137 
Theoretical Approach. Almond and Blundell have used computer simulations and 
molecular modeling to gain insight into the H-bonding patterns of the amide proton in 
HA oligosaccharide using parameters that replicate biological conditions. Molecular 
dynamic simulations, combined with NMR data, indicated that in solution, the amide 
proton (NH) is trans with respect to N-H2 and can librate symmetrically around that 
orientation without making a persistent and stable intramolecular H-bond to the COO 
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Figure 2-3. Conformational arrangements of NH with respect to N-H2. H-bonds are 
indicated by the dotted line. Model predicted from a) computer simulations and b) IH 
NMR experiments in DMSO. c) Model featuring a bridged water molecule. (Source: 
Adapted from Almond, A. , et al. Biochem. J 2006, 396, 487. 154) 
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proposed to be interchanging with solvent molecules across glycosidic linkages. This 
may explain some stabilization to the solution structure while permitting local dynamics. 
NMR results, X-ray diffraction data, molecular dynamic simulations as well as studies of 
an aqueous solution of 15N labeled-HA have provided insight into intramolecular H-
bonds involving the amide proton. 154 Almond and Blundell concluded that weak 
intramolecular H-bonding is likely to exist in HA oligosaccharides, but these H-bonds do 
not persist for an extended amount of time due to constant exchange with the solvent. 
Role of the Solvent 
Cowman's group has analyzed the effects of varIOUS solution conditions 
(including solvent, pH, and ionic strength) on the conformational and dynamic 
polysaccharide for HA oligo saccharides up to low-MW polymer size. 141 ,155 Previous 
studies on the role of the solvent are discussed in this chapter, while reports on the role of 
pH and ionic strength are summarized in the following chapter. Additionally, her group 
looked at the position-dependent and polymer lengths effects on chemical shifts. 
Conformational Analysis. Differences in chemical shifts were reported in l3C 
spectra of HA acquired in DMSO and H20.155 All but one of the resonances moved 
downfield in DMSO, with the most common shift being approximately 1-2 ppm. Solvent-
sensitive carbons fall into the following groups: 1) linkage carbons (especially those of 
the ~-1,3 linkage), 2) acetamido-carbonyl carbons, and 3) carboxylate group-associated 
carbons. The largest differences in chemical shifts occurred for carbons of the ~-1,3 
linkage and the amide and carboxylate groups. Smaller changes were observed for 
carbons at the ~-1,4 linkage. They concluded that HA conformation differs in aqueous 
solutions by having an altered amide orientation that place NH trans with respect to N-
H2 and a probable alteration in the ~-1,3 glycosidic linkage conformation. They proposed 
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that these substantial changes in environments reflect differences III solvation, 
conformation, and H-bonding between DMSO and D20. 
Dynamic Analysis. Dynamics of molecular flexibility and segmental motion in 
HA can be probed by analysis of NMR relaxation parameters. Relaxation parameters can 
be investigated either indirectly by linewidths (~V1l2 = (1tT2yl) or directly by measuring 
longitudinal and transverse relaxations time (TI and T2) and NOEs of carbons. TI values 
depend predominantly on dipolar interaction between the carbon and attached hydrogen. 
They are strongly related to the fraction of local motions on the nanosecond time scale. In 
oligo saccharides, this corresponds to segmental motions of a few sugars in the chain and 
by other hindered motions. lss T I is an intrinsic measure of local stiffness such as what 
may be conferred by H-bonding. 
In addition to solvent-dependent changes in chemical shifts, Cowman's group 
also looked at the effect of the solvent (DMSO vs. H20ID20) on measured T I values of 
13C nuclei in HA tetrasaccharide. ISS In general, for short HA chains, the nonreducing and 
reducing terminal residues show much greater mobility than penultimate residues, which 
are in tum more mobile than interior residues. In DMSO, the variation in T I across the 
chain is small. In H20, the variation in T I is more marked across the chain and thus a 
greater difference in T I values between the terminal and more interior residues exists. 
This suggests a greater uniformity in dynamics at various positions along the chain in the 
HA tetrasaccharide in DMSO. They also found that TI values were less in DMSO 
compared to values obtained in water which was attributed at least in part due to the 
greater viscosity of DMSO relative to H20. Their findings suggest the more dynamic 
nature of conformation-stabilized H-bonds for HA chains in aqueous solutions. They 
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propose the possibility that DMSO may alter the distribution of correlation times and lead 
to a more efficient relaxation process. 
Temperature Coefficients in Aqueous Solution 
Temperature studies of HA oligosaccharide have focused around the amide and 
hydroxyl protons in order to evaluate their involvement in H-bonding. Temperature 
coefficients of protons involved in H-bonds are expected to be smaller (less negative) 
than those freely exchanging with water (~81~T = -11 ppb/K or ppb/OC).154 For OH 
protons of oligo saccharides in DMSO, strong H-bonds give temperature coefficients> -3 
ppb/K. 156 Interior NH protons in HA oligomers in DMSO report temperature coefficients 
of -4.3 ppb/K indicating a medium-strength H-bond to the COO- group.70 
Almond and Blundell have analyzed the temperature coefficients of NH protons 
and nitrogen nuclei, for HA oligo saccharides up to small polymer size (n = 22) in 
H20/D20 mixtures, using 1H and 15N-enriched NMR, respectively.154,151 A summary of 
NH temperature coefficients for some of the species analyzed are provided in Table 2-2. 
Differences in NH temperature coefficients between interior residues and u- and p-
reducing terminal rings suggest that NH, as well as 15N temperature coefficients may be 
reflections of subtleties in local geometry, intramolecular H-bonds, and water structure. 
All interior amide protons report a temperature coefficient of ~ -6.7 ppb/K at pH 6.0, but 
increased to -8.1 ppb/K at pH 1.4.154 Protonation of GlcU carboxylate groups, by 
decreasing the pH, was shown to perturb the amide proton environment, consistent with 
data from molecular dynamics simulations that a transient and sparsely populated H-bond 
may exist between these groups. Since the reported temperature coefficients for NH 
protons of HA are significantly more negative than the cutoff described above (-4.3 




Saccharide a p 
'" 
(pH 6.0) 
GlcNAc -9.0 -7.8 -----
~HAt -9.0 -7.6 -6.9 
HAp ----- ----- -6.7 
(pH 1.4) 
GlcNAc -8.8 -7.7 -----
~HAt -9.0 -7.5 -8.1 
HAp ----- ----- -8.1 
Table 2-2. Previously reported NH temperature coefficients (~M~T) for the GlcNAc 
monosaccharide, the unsaturated HA tetrasaccharide (~HA4)' and the low-MW HA 
polymer (2,500-8,000 Da). a and ~ designate the anomeric conformation at C1 of the 
reducing terminus. 'V represents the internal NH groups. Temperature studies were 
conducted in 10% D20/H20 at pH 6.0 and 1.4. (Source: Adapted from Almond, A., et al. 
Biochem. J 2006,396,487. 154) 
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bonds with the COO- group in either its protonated or charged state, or through a stable 
water-bridge. 
Mixtures of H20 and acetone-d6 have been used to study hydroxyl protons at sub-
zero temperatures in order to reduce the exchange rate with water. Using this method, 
temperature coefficients have been analyzed for both NH and OH protons of the methyl 
glycoside of HA 157 and of unsaturated di-, tetra-, hexa-, and octa-saccharides of HA. 148 
Analysis of 8DiHA showed NH resonances at 8.51 (80/8T = -8.6 ppb/K) and 8.66 ppm 
(80/8T = -7.4 ppb/K) corresponding to the a and ~ anomers respectively. Temperature 
coefficients of the OH resonances on GlcNAc varied from -6.3 ppb/K (N-OH1a) to -11.7 
ppb/K (N-OH6). Temperature coefficients of the OH protons on 8GlcU (U-OH2 and U-
OH3) were slightly larger (more negative) than those of GlcNAc suggesting slightly 
weaker H-bonding for 8GlcU. The U-OH3 resonance was most affected by temperature 
as reflected by its large temperature coefficient of -13.3 ppb/K. To date, no studies have 
analyzed the temperature coefficients of exchangeable protons of HA oligo saccharides in 
purely aqueous solutions. 
The aim of the studies presented in this chapter is to provide initial model studies 
for a HA oligosaccharide so that future results related to the polymer can be understood. 
The unsaturated form of HA disaccharide, 8DiHA, which features a double bond 
between C4 and C5 of GlcU (8GlcU-(l ~3)-GlcNAc), was chosen for this purpose since, 
to date, only a few studies have examined the unsaturated form of HA oligo saccharides. 
Additionally, spectral assignments are also complicated by the presence of both a and ~ 
anomers in small oligosaccharides. Chemical shift assignments were necessarily made on 
8DiHA through careful analysis of IH and inverse 2D NMR spectra. Temperature studies 
were also carried out in both D20 and H20 solvents in order to gain insight into H-
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bonding. Our analysis represents the first time that exchangeable resonances of ~DiHA 
were examined in a purely aqueous environment, using water suppression techniques. 
EXPERIMENTAL 
Chemicals 
Analyte. Hyaluronic acid disaccharide sodium salt or alpha-4-deoxy-L-threo-hex-
4-enopyranosyluronic acid-[l ~3] (a-~GlcU-(1 ~3)-GlcNAc or ~DiHA) was purchased 
from Sigma-Aldrich (St. Louis, MO). 
Solvents. D20 was purchased from Sigma-Aldrich (St. Louis, MO). In studies, 
requiring water as solvent, Barnstead Nanopure water (17.8 MQ, • cm) was used. 
Sample Preparation 
~DiHA was prepared in either D20 or water at a concentration of 1.67 mg/mL 
(4.18 ~M). Water was used as solvent in temperature-dependent studies where 
exchangeable protons were examined. In all other cases, D20 was used as solvent. 
NMR Analysis 
One-Dimensional NMR. NMR spectra were obtained on either a 500 or a 700 
MHz NMR spectrometer. The Varian INOV A 500 MHz NMR instrument is equipped 
with a 5 mm IH {13C/15N} triple resonance pulsed field gradient (PFG) probe (Palo Alto, 
CA). The Varian VNMRS 700 MHz NMR spectrometer is equipped with a 5 mm 
IH{13C/15N} 13C enhanced PFG cold probe (Palo Alto, CA). All 1D IH spectra were 
acquired with a minimum of 250 scans, 45° pulse width, and a relaxation delay of 1.000 
second. All spectra were obtained at 25°C unless stated otherwise. Spectra were 
processed using either MestReC, version 4.7.0, or the newer MestReNova, version 7.1.2, 
software (Santiago de Compostela, Spain). 
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A coaxial insert containing 1.0 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid 
(DSS) dissolved in D20 was added to the NMR tube for referencing and locking in 
L1DiHA solutions where H20 was required as solvent. Chemical shifts were referenced to 
DSS in the temperature studies for exchangeable protons and to the acetamido-methyl 
protons of L1DiHA (2.06 ppm @ 25 to 45°C or 2.05 ppm @ 50°C and above) in all other 
studies. The acetamido-methyl proton chemical shift was determined with the use of the 
insert and referencing to DSS at 25°C. At higher temperatures, DSS was referenced 
according to the chemical shift calculated based on its temperature coefficient (-0.5 
ppb/K), as recommended by IUP AC guidelines. 
Two-Dimensional NMR. Gradient heteronuclear single quantum correlation 
(gHSQC) and gradient heteronuclear multiple bond correlation (gHMBC) spectra were 
obtained on the Varian VNMRS 700 MHz NMR spectrometer equipped with a 5 mm 
lH{I3C/1SN} I3C enhanced PFG cold probe (Palo Alto, CA). HSQC was performed using 
512 increments with 16 scan per increment, and relaxation delay of 1.000 second. HMBC 
was performed using 250 scans, relaxation delay of 1.000 second, mixing time of 0.080 
second, and a one-bond coupling constant of 140 Hz. All spectra were obtained at 25°C 
unless stated otherwise. I H Chemical shifts were referenced to the acetamido-methyl 
protons as described above. In the I3C dimension, the acetamido-methyl carbon was used 
as reference (23.30 ppm @ 25°C and 23.50 ppm @ 55°C). 
Labeling 0/ NMR Assignments. The non-exchangeable ring protons of L1DiHA 
have been designated as either U or N for L1GlcU and GlcNAc, respectively. Assignments 
take the format of X-Yn (or X-Ynz when necessary) where X refers to monosaccharide 
residue (U or N), Y refers to either proton or carbon (H or C), n refers to the ring position 
of the atom of interest, and z indicates the anomeric conformation (n or B). For example, 
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U-Cla refers to the carbon at position one of i1GlcU corresponding to the a anomer of 
i1DiHA, and U-Hla refers to the proton attached to carbon one of i1GlcU, of the a 
anomer of i1DiHA. The methylene protons of C6 ofN-acetyl glucosamine are designated 
as 6 and 6'. The methyl group of GlcNAc is designated N-CH3 for both lH and !3C NMR. 
The exchangeable amide and hydroxyl protons are designated NH and X-OHn, 
respectively. 
RESUL TS AND DISCUSSION 
No previous studies have examined the i1DiHA disaccharide that contains a 
double bond between C4 and C5 of GlcU (i1GlcU-(l-3)-GlcNAc). The presence of a 
double bond in i1GlcU is the result of enzymatic cleavage using chondroitinase or 
HAases from bacterial sources. However, this site of unsaturation is expected to lead to 
conformational changes that, in addition to the absence of a hydroxyl group at C4, would 
affect the H-bonding interactions relative to the fully saturated form. Additionally, the 
spectra of the disaccharide is further complicated by the presence of GlcNAc in both the 
a and P anomeric forms. It is interesting to note that this disaccharide was purchased as 
the a anomer. However, in an amphoteric solvent such as H20, the p anomer is generated 
through mutorotation. This effect also leads to conversion of the a and p anomers in other 
carbohydrates with anomeric centers. This causes two unique resonances, often with 
different chemical shifts, depending on the anomeric form (Fig. 2-2). Two-dimensional 
NMR was required to complete and confirm the resonance assignments discussed in this 
section. Additionally, temperature studies were carried out. Temperature-dependent 
changes in chemical shifts may be used as an indicator of conformation rearrangements 
and changes in H-bonding arrangements. 
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Chemical Shift Assignments 
One-Dimensional NMR of ADiHA 
IH and I3C NMR spectra were collected for ~DiHA, however I3C NMR spectra 
were of poor SIN and therefore are not included. I H NMR studies were performed on 
400, 500, and 700 MHz NMR spectrometers. However, the 700 MHz spectrometer was 
necessary to resolve all ring proton resonances of both anomers. The region between 3.4 
and 4.2 ppm is shown for comparison in Figure 2-4 to illustrate the enhanced spectral 
resolution capabilities of the 700 MHz NMR spectrometer compared to the 500 MHz. 
Additionally, the 700 MHz NMR offers enhanced sensitivity with the use of a cryogenic 
'cold' probe that reduces thermal noise in the detection system. 
Studies carried out on the 700 MHz NMR were performed using D20 as solvent, 
as water suppression on this instrument needs further optimization. All non-exchangeable 
protons were resolved (see the full IH spectrum in Appendix B, Fig. B-1). The methyl 
protons of G1cNAc were observed at 2.06 ppm and used as a reference based on its 
chemical shift relative to DSS. Ring proton resonances were observed in the region 
between 3.4 and 6.0 ppm and could be divided into two sets on either side of the solvent 
(HOD) peak at 4.80 ppm. The doublet seen for N-H1~ at 4.76 ppm overlapped partially 
with the HOD peak but could still be resolved. 
Preliminary assignments of for ~DiHA were based on previous reports of the 
fully saturated form of HA disaccharide l47 and the unsaturated form of the HA 
tetrasaccharide (~H~).135 Chemical shifts and assignments were in good agreement with 
those published for the G1cNAc residue of the fully saturated HA disaccharide. However, 
assignments for the ~G1cU unit differed, as expected, from literature values 
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Figure 2-4. IH NMR spectra of the ring region of ~DiHA obtained at a) 500 MHz and b) 700 MHz spectral frequencies. Sample 
was prepared at 1.67 mg/mL in H20 (a) and D20 (b). 
agreement with those published for the terminal residues of ~H~ Tables 2-3 and 2-4 
provide the 1 Hand l3C chemical shifts and assignments for non-exchangeable protons of 
~DiHA in D20 alongside literature assignments for ~HA4. Heteronuclear two-
dimensional NMR experiments were required to complete and confirm the assignments 
of ~DiHA. 
In order to visualize the exchangeable amide and hydroxyl protons, studies were 
necessarily performed in H20 to avoid exchange with D20. Water suppression was 
therefore necessary and these experiments were carried out on the 500 MHz NMR 
spectrometer in which water suppression was achieved satisfactorily. Although ~DiHA 
contains multiple hydroxyl groups, only one peak (6.09 ppm) was observed suggesting 
that other resonances are not seen due to the OH groups exchanging with solvent (H20). 
On the other hand, the disaccharide contains only one amide proton but two peaks were 
observed (8.27 and 8.41 ppm). These two resonances correspond to the a and ~ anomers, 
respectively, of ~DiHA. 
Two-Dimensional NMR of ADiHA 
HSQC results provided correlations between carbons and attached protons and 
allowed most assignments for ~G1cU to be made and confirmed IH resonance 
assignments in the G1cNAc residue (Figs. 2-5 and 2-6). Using previously reported l3C 
assignments for the GlcNAc residue, HSQC data was particularly useful in confirming 
assignments in the crowded region of the spectrum between 3.75 and 3.95 ppm. This 
region alone contains resonances from eight different protons of ~DiHA. Four of those 
resonances come from the methylene protons attached to C6 of G1cNAc. These CH2 
resonances can be easily distinguished from those corresponding to the CH and CH3 
because their sign is negative (blue). This type of information is comparable to that 
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Select HA Experimental Literature Difference 
o ligosaccbarides ADiHA AHA4 Exp-Lit 
Residue Atom a Jl a Jl a J! 
I-GlcNAc HI 5.16 4.76 5.15 4.71 0.00 0.04 
H2 4.05 3.82 4.04 3.81 0.01 0.01 
H3 4.01 3.83 3.89 3.72 0.12 0.11 
H4 3.54 3.51 3.55 3.52 -0.01 -0.01 
H5 3.89 3.51 3.87 3.47 0.02 0.04 
H6 3.81 3.75 3.79 3.75 0.02 0.00 
H6' 3.85 3.90 3.83 3.89 0.01 0.01 
H-CH3 2.06 2.01 2.01 0.05 0.05 
NH 8.27 8.40 8.19 8.27 0.08 0.13 
II-GIcU HI NA 4.51 4.47 ----------
H2 NA 3.37 3.37 ----------
H3 NA 3.58 3.58 ----------
H4 NA 3.75 3.74 ----------
H5 NA 3.72 3.71 ----------
III-GlcNAc HI NA 4.58 ----------
H2 NA 3.85 ----------
H3 NA 3.81 ----------
H4 NA 3.51 ----------
H5 NA 3.50 ----------
H6' NA 3.77 ----------
H6 NA 3.92 ----------
H-CH3 NA 2.06 ----------
NH NA 8.14 ----------
IV-GIcU HI 5.19 5.17 5.15 0.04 0.02 
H2 3.76 3.74 0.01 
H3 4.15 4.14 0.02 
H4 5.86 5.85 0.01 
H5 NA NA ----------
Table 2-3. IH chemical shift assignments for the a and ~ anomers of ~DiHA obtained at 
25°C in D20 . These values are compared to previously reported values for the 
unsaturated HA tetrasaccharide (~~) at 25°C in 5-10% D20/1-hO. The acetamido-
methyl chemical shift, used as reference, is shaded in gray. 
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HA Experimental Literature Difference 
Polymer ADiHA AHA4 Exp-Lit 
Residue Atom (l p (l p (l P 
I-GlcNAc Cl 92.24 95.72 93.88 97.59 -1.64 -1.87 
C2 54.57 57.23 55.81 58.45 -1.24 -1.22 
C3 80.96 83.19 82.77 85.17 -1.82 -1.98 
C4 69.77 69.76 71.40 71.36 -1.63 -1.60 
CS 72.75 76.93 74.08 78.26 -1.33 -1.34 
C6 61.99 62.01 63.40 63 .57 -1.41 -1.55 
CH3 23.30 24.82 25 .07 -1.52 -1.77 
II-GlcU Cl NA 105.66 105.81 ----------
C2 NA 75.33 75.29 ----------
C3 NA 76.52 ----------
C4 NA 82.82 ----------
CS NA 79.06 ----------
COO- NA --------- ---------
III-GlcNAc Cl NA 103.16 ----------
C2 NA 57.47 ----------
C3 NA 85.04 ----------
C4 NA 71.20 ----------
CS NA 78.35 ----------
C6 NA 63.42 ----------
CH3 NA 25.28 ----------
IV-GIcU Cl 101.86 103 .50 -1.64 
C2 71.19 72.68 -1.49 
C3 67.51 68.95 -1.45 
C4 108.48 110.07 -1.59 
CS 145.55 --------- ----------
COO- 176.30 --------- ----------
Table 2-4. 13C chemical shift assignments for the a and ~ anomers of ~DiHA obtained at 
25 °C in D20 . These values are compared to previously reported values for the 
unsaturated HA tetrasaccharide (~HAt) at 25 °C in 5-10% D201H20. The acetamido-
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Figure 2-5. HSQC spectrum of the ring region of L1DiHA ctH range: 3.4 - 4.2 ppm; I3C range: 50 - 85 ppm). Correlations are 
labeled inside the spectrum. Red cross-peaks correspond to the methine (CH) groups and blue cross-peaks correspond to the 
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Figure 2-6. HSQC spectrum of the ring region of ~DiHA (lH range: 4.7 - 5.9 ppm; I3C range: 85 - 115 ppm). Correlations are 
labeled inside the spectrum. Red cross-peaks correspond to the methine (CH) groups and blue cross-peaks correspond to the 
methylene (CH2) group. Sample was prepared at 1.67 mg/mL in D20. 
obtained from the older, distortionless enhancement by polarization (DEPT) experiment. 
Because the sample contained both the a and ~ anomers, two possibilities exist for each 
of the methylene protons H6 and H6'. The a and ~ anomers could be distinguished on the 
basis of the 13C chemical shifts that are slightly different for each anomer. Hence each set 
of H6 and H6' protons correlate with the same carbon of a particular anomeric 
conformation. Once assigned to a particular anomer, differences in the IH chemical shifts 
allowed the H6 and H6' resonances to be determined. 
From HSQC data it was still unclear how to assign the peaks to the left of the 
solvent peak at higher chemical shifts (4.7-5.2 ppm) that featured the protons attached to 
C 1 in both monosaccharide subunits. For this reason, HMBC was carried out to examine 
longer-range, multiple bond correlations between protons and carbons up to three bonds 
away (Figs. 2-7 and 2-8). Using the assignments that were confirmed through HSQC, N-
HI could be discerned from U-HI based on its correlations with N-H2. Conversely, U-HI 
could be distinguished on the basis of its connections to U-H3. Resonances 
corresponding to each of the a and ~ anomers were observed for GlcNAc ring protons. 
However, this difference in chemical shifts between the two anomers was lost for all 
~GlcU protons except for U-HI. The reduction of this effect was reasoned to be as the 
result of increased distance from the anomeric center. The U-HI proton is adjacent to the 
glycosidic linkage and represents the closest position on ~GlcU to the anomeric center of 
GlcNAc. Blundell and coworkers reported a similar loss of anomer-related differences in 
chemical shifts for other HA 0ligosaccharides.135 Using the 900 MHz NMR they were 
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Figure 2-7. HMBC spectrum of the ring region of ~DiHA eH range: 3.4 - 6.0 ppm; 13C range: 50 - 85 ppm). Correlations are 
labeled inside the spectrum. Sample was prepared at 1.67 mg/mL in D20. * Crowded region of the ID 'H spectrum (top). 
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Figure 2-8. HMBC spectrum of the ring region of L1DiHA (IH range: 3.4 - 6.0 ppm; I3C range: 90 - 150 ppm). Correlations are 
labeled inside the spectrum. Sample was prepared at 1.67 mg/mL in D20 . * Crowded region of the ID IH spectrum (top). 
Anomeric Differences 
Correlations were observed over distances of several bonds, with two bonds being 
most common. Correlations across the glycosidic linkage could also be observed between 
N-C3 and U-HI and vice versa. As seen in Figure 2-8, the resonances for U-HI and U-H4 
protons are split by 1 JCH. These splittings are considered artifacts and are the result of the 
threshold set in the pulse sequence. In our experiment, this threshold was set to 140 Hz. 
Therefore, only those resonances corresponding to protons with a strong coupling 
constant IJCH (> 140 Hz) were split. 
The IH resonances for ring protons of the a anomer are at a slightly higher 
chemical shift relative to ring protons of the B anomer. On the other hand, l3C chemical 
shifts for ring protons are lower in the a anomer compared to the B anomer. This suggest 
the rearrangement of electron density around the ring protons that results in the 
deshielding of protons in the a anomer. 
Temperature-Dependent Studies of the ADiHA by IH NMR 
Resonances for Ring Protons 
Temperature studies were performed and both ID IH NMR and 2D HSQC spectra 
were acquired at temperatures up to 55°C. The overlaid HSQC spectra at 25°C and 55 
°C are shown in Figures 2-9 and 2-10. Increasing the temperature has little effect on most 
~DiHA ring protons. In general, if changes were observed they are in the shielded 
direction and relatively minute. This can be attributed to weakening of intermolecular H-
bonds with the solvent (D20) and therefore less hydrophilic interactions. N-H2B revealed 
a slightly higher temperature coefficient than the other ring protons but its value was less 
than -1 ppb/oC, much lower than those corresponding to the NH and OH resonances. The 
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Figure 2-9. HSQC spectra of the ring region of L1DiHA at 25 °C (red) and 55 °C (blue); (IH range: 3.4 - 4.2 ppm; I3C range: 50 -
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Figure 2-10. HSQC spectra of the ring region of ~DiHA at 25°C (red) and 55 °C (blue); eH range: 4.7 - 5.9 ppm; I3C range: 85 -
115 ppm). Sample was prepared at 1.67 mg/mL in D20. 
the acetamido group (attached to C2 of GlcNAc) that results in N-H2P becoming 
shielded. A conformational change of the acetamido group that placed the methyl protons 
closer to N-H2 could explain the shielding of N-H2P resonance. 
Resonances Jor the Amide Proton 
As previously mentioned, two resonances were observed for the amide proton 
corresponding to the a and p anomers (Fig. 2-11 a). Based on previous literature,154 the 
resonance with the higher chemical shift (8 = 8.40 ppm at 25 DC) was assigned to the p 
anomer and that at the lower chemical shift (8 = 8.27 ppm at 25 DC) to the a anomer. 
These assignments are also in agreement with a lower integration value seen for the p 
anomer (0.28 at 25 DC, relative to three methyl protons) compared to the integrated area 
of the resonance for the a anomer (0.51 at 25 DC). This total integration of less than one, 
suggests that a fraction of the amide protons undergo exchange, most likely with the 
solvent. The peak widths at half height were similar 17.4 and 16.5 Hz (at 25 DC) for the p 
and a anomers, respectively. The exchange rate increased at high temperatures (Fig. 2-
lla) as reflected by a lowering of the integration values at higher temperatures. At 25 DC, 
the a anomer resonance was more defined and split into a doublet by N-H2. The NH 
proton of the a anomer shows vicinal coupling with N-H2. The coupling constant of 9.2 
Hz is indicative of a trans orientation between NH and N-H2 as reported in prior works 
using H20ID20 as solvent. 137,154 
Temperature coefficients were determined to be -4.7 x 10-3 ppmlT (or -4.7 
ppb/K) for the p anomer and -5.4 x 10-3 ppml°C (or -5.4 ppb/K) for the a anomer (Fig. 2-
11 b). Both the negative sign and the absolute value indicate that these amide protons are 
involved in either weak intramolecular H-bonds or water-mediated intramolecular H-











~lf '4 ..... 
'-_--I' 
0.28 0.51 
8.80 8.70 8.60 8.50 8.40 8.30 8.20 8.10 8.00 7.90 7.80 
o IH (ppm) 
O ~----.------r-----.-----.-----.-----' 
-0.02 +---~o;::------------------------------___i 
--.. i -0.04 +-------~~------------------------___i 
~ ~ -0.06 +------"'O"""-~-----__:__--_I 
.c 
(;f.I -0 .08 +--------------;,-=~_"'_<:_--'>._.__.::.."---~..:....:....;------___i 






A Temperature (OC) 
.NH-~ 
e NH-a 
Figure 2-11. Temperature dependence of the amide (NH) proton of ~DiHA a) IH NMR 
spectra of the NH resonances at 25 °C, 35 °C, and 50 °C. b) Changes in chemical shifts 
as a function oftemperature. Sample was prepared at 1.67 mglmL in H20. 
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indicates a slightly stronger intramolecular H-bond. Our temperature coefficients 
areslightly lower than those reported by Almond and Blundell for the ~HA 
tetrasaccharide in D20IH20 (-9.0 and -7.6 ppb/K for the a and ~ anomers, 
respectively),154 but they still follow the same trend with the coefficient for the a anomer 
being more negative than that for the ~ form. The higher values reported for the 
tetrasaccharide are possibly due to its larger size and the possibility for intrachain H-
bonding which would be weaker than intramolecular or water-mediated intramolecular 
H-bonding that is found in the disaccharide. Our values are also lower than values 
previously reported for ~DiHA (~o/~T = -8.6 ppb/K for a and -7.4 ppb/K for ~).148 
However, those studies were conducted in acetone-d6/H20 mixtures, and the presence of 
acetone may reduce the cooperativity of H-bonds in water thus weakening the strength of 
H-bonds with ~DiHA. This effect would lead to larger (and negative) coefficients 
relative to those that we observed in water. 
To interpret this trend, different H-bonding arrangements for each anomer have 
been proposed upon rotation of the glycosidic bond. Prior computational studies have 
reported torsional angles around the ~-1,3 glycosidic linkage of 30° and 60°. Where NH 
is in a trans orientation with respect to N-H2, a rotation of 30° places NH in the 
proximity of U-OH2 while a 60° rotation places NH near U-OH3. Intramolecular H-
bonding or water-mediated H-bonding may exist between NH and either hydroxyl group, 
but not both. In the ~ anomer, these represent the only two possibilities for H-bonding of 
the amide proton across the ~-1,3 glycosidic linkage. Similarly, the a anomer can also H-
bond with either of these groups upon rotation. However, in the a anomer, N-OHI is in 
the axial position and capable ofH-bonding with NH at either torsional angle, 30° or 60°. 
Libration of the acetamido group allows for a dynamic H-bonding environment where 
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NH can flip-flop between H-bonding with N-OH1 and H-bonding with either U-OH2 or 
U-OH3. These dynamic H-bond exchanges in the a anomer cause a reduction in H-
bonding strength as reflected by a more negative temperature coefficient compared to that 
of the ~ anomer. Hydrogen bonding with N-OH1 is not possible in the ~ configuration, 
where N-OH1 is equatorial to the ring. Librations of the acetamido group do not place 
NH in any position that would allow for H-bonding with any other moiety. This leads to 
a stronger intramolecular H-bonding in the ~ anomer as reflected by a less negative 
temperature coefficient. 
Hydroxyl Proton Resonance 
Temperature studies of the hydroxyl and amide protons were necessarily 
conducted in H20 to allow their observation. Temperatures were increased up to 80°C 
but excessive broadening of these resonances limited the temperature range investigated. 
Spectra for the OH resonances are shown up to 60°C in Figure 2-12a. As previously 
mentioned, there are several hydroxyl groups on the molecule; however only one was 
observed suggesting the other hydroxyl group protons are exchanging too rapidly to be 
detected. Although we have not assigned the detected OH resonance, the hydroxyl proton 
shifted to lower chemical shifts at higher temperatures with a temperature coefficient 
(L181L1T) of -7.9 x 10-3 ppml°C (Fig. 2-12b). The relatively large and negative coefficient 
is indicative of the participation of this proton's in intermolecular H-bonds. This value 
falls within the range (-6.3 - -13.3 ppb/K) of previously reported OH temperature 
coefficients in acetone-d6/H20 mixtures. The use of water as solvent in our studies results 
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Prior to probing possible molecular interactions between HA and lipids, model 
studies were performed on ~DiHA. This molecule features a double bond in the GlcU 
residue that has not been a major focus of past literature. The presence of both the a and ~ 
anomers led to significant spectral complexity. The use of powerful inverse 2D NMR 
techniques enabled resolution and assignment of each and every resonance of both 
anomers. Differences in chemical shifts between the two anomers were observed for all 
ring proton resonances of GlcNAc up through U-CI of ~GlcU. The resonances 
corresponding to the hydroxyl and amide protons were also detected when water (rather 
than D20) was used as solvent. 
Temperature studies were carried out to evaluate intramolecular H-bonding of 
~DiHA and intermolecular H-bonding with the solvent. Ring protons were associated 
with a very small shielding trend which was attributed to weakening of intermolecular H-
bonds with the solvent and less hydrophilic interactions. For the amide proton, the 
temperature coefficient was similar for the two resonances corresponding to the a and ~ 
anomers. The temperature coefficient values for NH indicate that they form weak 
intramolecular or water-mediated intramolecular H-bonds. Due to broadening caused by 
exchange with the solvent, only one hydroxyl proton resonance is observed. Its 
temperature coefficient is more negative than those found for NH indicating the 
participation in intermolecular H-bonding with the solvent. This is also evidenced by the 
broadening of the resonance. No prior analysis of ~DiHA has been performed m 
exclusively aqueous solutions, which best mimic the biological environment. 
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CHAPTER 3 
NMR STUDIES OF HA POL YMERILIPID INTERACTIONS 
INTRODUCTION 
In biological systems, hyaluronan (HA) exists as a polymer. In this chapter, the 
polymeric form of HA has been analyzed by lH and l3C nuclear magnetic resonance 
(NMR) spectroscopy. Interactions between HA and lipids were also probed by lH and 31p 
NMR experiments to provide models that may explain the interactions between HA and 
lipids. These results can then be used as a foundation for future studies on the causes of 
the age-related liquefaction of the vitreous humor (VH). This introduction presents an 
overview of previous conformational and dynamic studies involving polymeric HA. 
NMR Challenges 
As mentioned in Chapter 2, spectral overlap and poor chemical shift dispersion 
for resonances of the HA polymer makes analysis difficult. Broadening results from 
HA's inherently large size and thus large correlation (tumbling) times. Additionally, 
HA's viscoelastic nature makes sample handling difficult. These challenges are discussed 
further in the results and discussion section. 
Chemical Shift Assignments 
Chemical shift assignments for l3C resonances have been made for both native, 
high-MW (>106 Da), and enzymatically digested, low-MW (104 Da), polymers. 141,158 
These assignments were made in D20 and H20:D20 (4:1) and required over 100,000 
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scans. The most recent l3C assignments for the high-MW HAI41 are in good agreement 
with assignments made for the internal residues of the hexasaccharide (Table. 2-1 ).135 1 H 
chemical shift assignments, however, have only been made for the low-MW polymer in 
D20.159 Darke and coworkers obtained a IH spectrum for the high-MW HA polymer in 
D20, but it was so poorly resolved that only two peaks (instead of the expected 12) could 
be observed (Fig. 3-1 ).120 A heteronuclear correlation (HETCOR) spectrum obtained for 
the low molecular weight polymer at pH of2.6 in D20 has also been used to make IH and 
l3c . 160 aSSIgnments. 
Intra- and Intermolecular Hydrogen Bonding 
Hydrodynamic measurements have described HA as a wormlike coil, stiffened by 
intramolecular H-bonds. Intramolecular H-bonds have been deduced from X-ray 
diffraction, NMR, and computer simulation data. Intermolecular H-bonds have been 
suggested to stabilize tertiary structures. Scott and coworkers have analyzed digested and 
undigested HA in D20 by l3C NMR spectroscopy. 161 They observed significant 
broadening of the acetamido-carbonyl resonance suggesting decreased mobility and 
restricted rotation of this group. As part of a rigid C(=O)-NH unit, rotation of NH was 
also similarly restricted. These restrictions in motions were proposed to be due to 
intermolecular H-bonding between the NH and carboxylate groups of neighboring HA 
molecules. The H-bond was confirmed by comparing esterified HA with unmodified HA. 
Methyl esterification of carboxylates resulted in sharpening of the carbonyl resonance 
consistent with increased mobility indicating it was not participating in sterically-
restrictive tertiary structures. They have proposed antiparallel arrangements of HA chains 
which overlap and form meshworks that are stabilized by H-bonding and hydrophobic 
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Figure 3-1. IH NMR spectra at 100 MHz of a) the native HA polysaccharide at 60°C in D20 and b) the native polysaccharide 
following enzymatic digestion at 92°C by testicular HAase and water suppression. (Source: Adapted from Darke, A., et al. 
Journal o/Molecular Biology 1975, 99, 477-486. 12°) 
stable in high-MW HA solutions. A ~-sheet tertiary structure has therefore been proposed 
for HA in solution. Sheet and tubular structures may explain its viscoelastic properties in 
solutions. These results are in agreement with electron microscopy data that reveal the 
presence of sheets and tube-like tertiary structures in solution. 162 Three kinds of lateral 
contact have been proposed: 1) antiparallel chains stacked by hydrophobic patches, 2) 
parallel chains joined by both stacking interactions and H-bonds and 3) crossing chains 
joined by H-bonds and stacking interactions. 
Conformation Studies-Perturbations in Chemical Environment 
Effects of pH. Hyaluronan experiences pH-dependent spectral changes in both 
acidic and alkaline conditions. Alkaline conditions (0.4 M NaOH) were shown to 
reversibly sharpen considerably both the IH and BC resonances in low-MW HA 
spectra. 158,159 This suggested that segmental motion is enhanced by disruption of some 
intrachain H-bonds upon ionization of hydroxyl groups (pKa 12-14). In addition, changes 
in chemical shifts, both upfield and downfield, were observed between neutral and 
alkaline solutions. In IH NMR, the greatest changes (~0.1 ppm) were observed for V-H2, 
N-H2, and N-H4 protons which are attached to groups (OH or NH) capable of mutual 
intramolecular H -bonding interactions across the ~-1 ,3 glycosidic linkage in neutral 
solutions. 159 In BC NMR, most changes in chemical shifts, upon addition ofNaOH, were 
generally small and in the downfield direction. 15s However N-C4 moves more downfield 
(~2 ppm) than any other resonance and three signals, V-C1, V-C2, and N-C3, did not 
follow the general downfield trend and were instead shifted in the upfield direction. 
These four BC signals which behave atypically are also associated with the ~-1 ,3 linkage, 
either by direct attachment to the glycosidic oxygen or through H-bonding of attached 
groups (OH or NH) across the linkage. These changes upon alkalinization were attributed 
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to conformational changes about the ~-1,3 linkage, presumably by changes in torsional 
angles. It was proposed that, under alkaline conditions, repulsive interactions between the 
ionized hydroxyl groups may be the responsible for conformational changes about the ~-
1,3 linkage. 
Cowman et al. analyzed changes in l3C resonances for HA oligo saccharides and 
polymeric HA under acidic conditions (pH 1.7).141 Her group found the greatest chemical 
shift changes to occur for U-C5 and U-C6 (the carboxylate carbon) of GlcU which were 
shifted upfield by almost 3 ppm relative to their chemical shifts at pH 7. This large shift 
corresponded with the protonation of the carboxylic acid group at pH 1.7. In GlcNAc, the 
largest change in chemical shift, upon acidification, was. observed for N-C 1, which 
shifted downfield by approximately 0.5 ppm. Cowman's group stated that it was not clear 
whether this change reflected conformational change or just simply its proximity to the 
carboxylic acid group. 
Almond and Blundell also analyzed pH-dependent changes for HA 
oligosaccharide up to small polymer sizes. Using NMR-monitored pH titrations ranging 
from pH 1.4 to 6.0, they analyzed chemical shift changes by 1H NMR of amide proton 
resonances. 154 It was observed that all NH resonances had pH-dependent variations in 
chemical shift. As a threshold, a downfield shift resonance of ~ 250 ppb/K is associated 
with a H-bond that is populated ~20% of the time and larger values represent greater 
occupancies. If a water molecule were tightly bound in a long-lived water-bridge, such an 
interaction would also be expected to decrease the pKa of the COO- group below its 
intrinsic value (pKa ~3). These researchers reported that the NH groups in the polymer 
were not forming significantly populated intramolecular H-bonds to COO- groups or 
trapping water molecules in stable bridges. 
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Ionic Strength. The chemical shifts of carbons in HA have been shown to be little 
affected by moderate changes in ionic strength, except for carbons of the ~-1,3 linkage. 
141,163 These carbons show a small upfield shift consistent with chain expansion at low 
ionic strength. 141 The downfield shift was seen in both aqueous solution containing either 
0.15 M NaCI or 0.15 M. KCl. Divalent cations (i.e. Ca2+) caused a slightly more 
pronounced effect than the monovalent cations for the carbons of the ~-1,3 linkage. These 
differences between divalent and monovalent cations suggested a modest conformation 
change resulting from the more effective screening of charges along the HA chain in 
CaCh solutions. In addition, a significant upfield shift was observed for the carboxylate 
carbon of GlcU in the presence of Ca2+. Cowman et al. proposed that the change in the 
carboxylate resonance reflects binding of Ca2+ to HA, whereas the linear charge density 
of single-stranded HA is too low to induce condensation of monovalent counterions. 141 
This was observed for both the HA oligosaccharide and polymer without significant 
differences. 
Dynamic Studies 
In one of the earliest NMR studies of HA (1975), Darke and coworkers examined 
the conformational mobility of NaHA dissolved in D20 by IH NMR.120 Spin-spin 
relaxations times (T 2) for the acetamido-methyl group protons were measured either 
directly or from linewidths of the acetamido-methyl resonance. From a bimodal 
distribution of T 2 values, they identified two types of domains corresponding to different 
mobilities, specifically stiff and flexible domains. It followed that rapid motions lead to 
narrow spectral lines, while slow motion led to broadened resonances. However, the 
calculation that was used to relate line widths to the ratio of stiff to flexible domains was 
not well described and the origin of some variables involved in the calculation is 
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unknown. 164 The stiff parts accounted for 55-70% of the HA structure. The proportion of 
stiff to flexible domains was not altered by changes in ionic strength (0.1-3.0% NaCI), 
temperature, addition of denaturant (i.e. urea), or moderate changes in pH. The authors 
concluded that the stiff domains were prevented from equilibrating with the flexible 
domains by some unknown covalent features. Improvements to instrumentation and 
methods of interpretation have now shown, however, that the distribution of T 2 values 
does not resolve so clearly into separate components as seemed apparent in the earlier 
work. 159 The modem interpretation is that all segments are in continuous equilibrium 
between stiff and flexible states through the continuous making and breaking ofH-bonds. 
In 1983, Hoffman et al. performed relaxation experiments and measured T 1, T 2, 
and NOE values over wide ranges of pHs (2.6 to 13.5) and temperatures (20°C to 95 
°C).160 A strong pH-dependent Tl variation was detected at the acetamido-carbonyl 
carbon. This was attributed to reduced segmental mobility likely due to changes in H-
bonding of the acetamido group. Additionally, changes in ionic strength did not affect the 
relaxational behavior or NOE-enhancement of HA. Cowman's group also found that Tl 
relaxation times for carbon resonances were largely unaffected by changes in ionic 
strength (0.5-0.15 mM) and counterion type (NaCI, KCI, CaCh).155 
The NMR analysis of polymeric HA in this chapter represents the first time the 
high-MW polymer has been reported with spectral resolution that yields more than just 
two broad resonances. 120 Temperature studies were carried out in D20 for non-
exchangeable resonances. Additionally, ab initio theoretical predictions of chemical 
shifts have been used to aid in the interpretation of observed NMR trends. Finally, lipid 
interactions with the HA polymer were investigated in model studies to gain insight into 
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the possible disruption of the HA interactions caused by the intercalation of lipids. 
Contributions from hydrophilic and hydrophobic forces are discussed. 
The lipids chosen for the investigation of their possible interactions with HA 
included fatty acids (FAs), lyso-phosphatidylcholines (LPCs), diacylglycerol (DAG), and 
phosphatidy1choline (PC). The FAs, stearic acid (SA, 18:0) and oleic acid (OA, 18:1) 
were selected to assess if the presence of one site of unsaturation in OA affects its 
interaction with HA. Then, to evaluate if the addition of a polar, positively-charged 
headgroup (HG) impacts the interactions with HA two LPCs were selected: LPC-OA in 
which the sole oleoyl chain contains one site of un saturation and LPC-SA, whose stearoyl 
chain is saturated. Additionally, the impact of one tail (in F As and LPCs) versus two tails 
(in DAG and PC) was evaluated. These lipids enable the study of the nature of 




Analytes. Polymeric hyaluronic acid (HA) sodium salt from Streptococcus equi 
[poly(P-G1cU-[1 ~3]-p-G1cNAc-[1 ~4])] (MW = 1,500 to 1,800 kDa) , 1-0Ieoyl-2-
hydroxy-sn-glycero-3-phosphocholine (LPC-OA), 1,2-dipalmitoyl-sn-glycerol (DAG), 
stearic acid (SA) and oleic acid (OA) were purchased from Sigma-Aldrich (St. Louis, 
MO). L-a-Phosphatidy1choline (PC) frog egg yolk (predominantly 34: 1) and I-stearoyl-
2-hydroxy-sn-glycero-3-phosphocholine (LPC-SA) were obtained from A vanti Polar 
Lipids, Inc. (Alabaster, AL). 
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Solvents. D20 was purchased from Sigma-Aldrich (St. Louis, MO). In studies 
requiring water as solvent, Barnstead Nanopure water (17.8 MQ, • cm) was used. 
Sample Preparation 
HA was prepared in D20 at a concentration of 5.0 mg/mL (2.0-3.3 /lM) for 
chemical shift assignments and temperature studies. In lipid mixture studies, HA was 
prepared at a concentration of 10.0 mg/mL in D20. Lipid samples were prepared in D20 
at concentrations of 1.0 mgimL for OA, SA, LPC-OA, and LPC-SA and 2.0 mgimL for 
DAG and PC. Lipid samples were ultrasonicated for 20-25 pulses to disrupt multilamellar 
and form unilamellar vesicles. Equal volumes of HA and lipid were combined so that the 
final concentration of HA in the mixture was 5 mg/mL. Final concentrations for the lipids 
in each mixture were 0.5 mg/mL for OA (1.8 mM), SA (1.8 mM), LPC-OA (0.96 mM), 
and LPC-SA (0.96 mM) and 1.0 mg/mL for DAG (1.8 mM) and PC (1.3 mM). Mixtures 
were vortexed for approximately 10 seconds to ensure equal distribution of each 
component. Individual HA and lipid solutions were then diluted by half so that the 
resulting concentration matched the concentration in the mixture. 
NMR Analysis 
1 H NMR spectra were obtained on a Varian VNMRS 700 MHz NMR 
spectrometer equipped with a 5 mm lH{13C;J5N} 13C enhanced pulsed field gradient 
(PFG) cold probe (Palo Alto, CA). All lH spectra were acquired with a minimum of 250 
scans, 45° pulse width, and a relaxation delay of 1.000 second. All spectra were obtained 
at 25°C unless stated otherwise. 31 p NMR data were obtained on a Varian-MR 400 MHz 
equipped with a 5-mm AutoX Dual Broadband PFG probe. Spectra were processed using 
either MestReC, version 4.7.0, or the newer MestReNova, version 7.1.2, software 
(Santiago de Compostela, Spain). 
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A coaxial insert containing 1.0 mM 4,4-dimethyl-4-silapentane-I-sulfonic acid 
(DSS) for IH NMR and inorganic phosphate (KH2P04) for 31p NMR dissolved in D20 
was added to the NMR tube for referencing and locking. Chemical shifts in IH NMR 
were referenced to DSS in the HAilipid mixture studies and to the acetamido-methyl 
protons of HA (2.02 ppm) in all other studies. The acetamido-methyl proton chemical 
shift was determined with use of the insert and referencing to DSS at 25 DC. Chemical 
shifts in 31 p NMR were referenced to KH2P04. For the HAilipid for mixture studies, an 
insert containing 10.0 mM DSS was used and the intensities of reference peaks at 1.74 
ppm and 3.10 were used to normalize the control spectra (HA alone and lipid alone) 
before performing their mathematical summation (with MestReC) for comparison with 
the spectra obtained for the actual mixtures. 
Theoretical Calculations 
In collaboration with Professor DuPre, theoretical ab initio calculations were 
performed using the polarizable continuum model (PCM) to aid in the interpretation of 
experimental results. 165 Theoretical calculations were used to predict the chemical shifts 
of the disaccharide protons while the polarity of the solvent increased. The absolute 
values of calculated chemical shifts are of less relevance than the trends that emerge. The 
predicted trends for the disaccharide were used as the basis for understanding the 
chemical shifts changes observed experimentally for the polymer. The electronically 
unperturbed molecule and three solvent dielectric media corresponding to water, 
methanol and chloroform with dielectric constants (E) of 78.39, 32.63 and 4.9, 
respectively, were considered. It is expected that chemical shifts will become more 
deshielded upon increasing solvent polarity. 
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The isotropic shielding tensor (O"iso), which is composed of diamagnetic (O"diamag) 
and paramagnetic components (O"paramag), determines the degree of shielding for the proton 
according to: 
(Jisa = (Jparamag + (J diamag 
Both shielding tensor components are the result of a local induced magnetic field of 
circulating electrons. The diamagnetic component (usually positive) opposes the local 
magnetic field. The paramagnetic component (usually negative), on the other hand, aligns 
itself with it and therefore enhances the magnetic field sensed by the nuclei. Increasing 
either component results in a shielding effect for the given proton. 
The atomic coordinates of HA were obtained from x-ray crystallography data in 
the protein data bank (PDB: 2BVK). The single point wave function for this model was 
calculated at the HF/6-31+G(d,p) level of theory using Gaussian 03, version C.02 
(Wallingford, CT). NMR shielding tensors and chemical shifts were then obtained with 
the gauge including atomic orbital (GIAO) method at the same level of theory.166,167 
Chemical shifts were calculated with reference to tetramethylsilane (TMS) using 
isotropic values of 0" eH; TMS) = 31.65 ppm 
RESUL TS AND DISCUSSION 
NMR Analysis of Polymeric HA 
IH and I3C NMR spectral traces were obtained on a 700 MHz cryogenic probe 
NMR spectrometer to achieve the high resolution and high sensitivity required for 
polymeric HA. The IH spectra of high-MW HA (Fig. 3-2a) reveals considerable 






N-H4 lilA polymer) 
,-- I I Ii, Ii. I 







o (ppm) lLIDiHAI 
N-H6'~ 
T-------.---_ -- --..-----------.- --.---~- I ---.---------.-- .. ------.--------.------ .-----~ 
4.05 3.95 3.85 3.75 3.65 3.55 3.45 
0 18 (ppm) 
Figure 3-2. Comparison of I H NMR spectra of a) polymeric HA (3.10 - 4.20 ppm) with b) ~DiHA (3.45 - 4.20 ppm). Polymeric 
HA was prepared at 5 mg/mL in D20 and ~DiHA was prepared at 1.67 mg/mL in D20. 
large size and high viscosity of the polymer limits the spectral resolution (see the full IH 
spectrum in Appendix B, Fig. B-2) .. Inherently long tumbling times and quick loss of 
phase coherence (small T2) give rise to broad peaks and limits the achievable spectral 
resolution and sensitivity (Fig. 2-1). Increasing the concentration from 1 to 10 mg/mL 
gave rise to even broader peaks. 
At HA solution concentrations of 5 mg/mL in D20, reasonable sensitivity and 
resolution were obtained in I H NMR spectra. All non-exchangeable resonances were 
detected, although some overlap occurred in the region between 3.65 and 3.80 ppm (Fig. 
3-2a). Tentative assignments were made by comparison with ~DiHA and by comparison 
with previously reported chemical shifts for interior residues of the HA hexasaccharide135 
which does not show anomeric differences and has been found to be a good 
approximation to the polymer. Chemical shift assignments are compared, and in good 
agreement, to literature values reported for the low-MW HA polymer (104 Da) in 1979 
(Table 3-1). l3C NMR spectra exhibited poor SIN and broadening; however, the observed 
chemical shifts did correlate well to those reported in the literature. Two-dimensional 
NMR spectral traces yielded such low SIN that no meaningful data could be obtained. 
Temperature-Dependent Studies of the HA Polymer by IH NMR 
Temperature studies of the HA polymer were carried out at 25,35,45,55, and 65 
°C (Fig. 3-3). Slight narrowing is observed when increasing the temperature suggesting a 
more flexible arrangement at higher temperatures. For most polymeric ring protons, 
increases in temperature caused small (:':S 0.01 ppm) downfield changes in chemical shifts. 
This suggests an opening up ofthe polymer, at higher temperatures, causing it to be more 
exposed to water. The largest downfield shift (~0.01 ppm) was observed for U-H2 
Interestingly, N-H2 and N-H4 are shifted slightly upfield at higher temperatures. In order. 
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HAPolymer Experimental Literature Literature Difference Difference 
High-MW Low-MW Int. Residues Exp-Lit Exp-Lit Residue Atom 
Polymer Polymer ofHA6 (polymer) (HA6) 
GlcNAc HI 4.55 4.55 4.55 0.00 0.00 
H2 3.83 3.83 3.84 0.00 -0.01 
H3 *(3 .71) 3.73 3.71 * * 
H4 3.51 3.51 3.52 0.00 -0.01 
H5 3.48 3.47 3.48 0.01 0.00 
H6 3.9 3.91 3.91 -0.01 -0.01 
H6' *(3.71) 3.71 3.76 * * 
-
H-CH3 2.02 2.01 2.02 0.01 0.00 
GlcU HI 4.45 4.46 4.46 -0.01 -0.01 
H2 3.33 3.34 3.34 -0.01 -0.01 
H3 3.58 3.58 3.58 0.00 0.00 
H4 *(3.71) 3.74 3.74 * * 
H5 *(3.71) 3.72 3.70 * * 
Table 3-1. IH chemical shift assignments for the high-MW HA polymer. These values 
are compared to previously reported values for the low-MW HA polymer (in D20 at 30 
°C) 159 and internal residues of the HA hexasaccharide (HA6) (in 5-10% D20IH20 at 24 
oC).1 35 * Unresolved peaks. 
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Figure 3-3. IH NMR spectra of the ring region of polymeric HA a) 25°C, b) 45 DC, and 
c) 65°C. Sample was prepared at 5 mg/mL in D20. Shielding trends, upon increasing 
temperature, are indicated by horizontal and vertical red arrows. Deshielding trends are 
indicated by blue arrows. Black arrows indicate a reversal in the trends as the temperature 
was increased. 
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to understand these experimental anomalies, theoretical ab initio calculations were 
performed using the polarizable continuum model (PCM). 
Theoretical Calculations 
Predicted chemical shift values for the HA disaccharide in solvents of various 
polarities (CHCi), methanol, and water) are provided in Appendix B (Table B-1). 
However, it is the trends that are of relevance and allow the interpretation of 
experimental observations of the HA polymer. In agreement with experimental data, a 
deshielding trend is observed for most ring protons with increasing polarity, relative to 
the molecule in a cavity with no solvent (Fig. 3-4). However, N-H2, N-H4, U-H2 and U-
H4, do not follow this trend and become more shielded with increasing polarity of the 
solvent. A very small shielding trend is also observed for N-H6, however there is no 
statistically significant difference between the solvents. Therefore, these are not included 
in the interpretation of the observed trends. 
Interpretation of Temperature-Dependent Trends 
Theoretical trends have been used to predict whether specific protons enter a more 
or less polar environment upon increasing the temperature. Both experimental and 
theoretical data show a de shielding trend for most ring protons. Upon increasing the 
temperature, a small de shielding trend is observed for most ring protons. From theoretical 
calculations, this can be attributed to the molecule entering a more polar environment. 
This is expected as deshielding results from greater interaction with water, a polar 
solvent, (and less interaction with itself) when the temperature is increased. Polar 
solvents would be expected to attract electrons surrounding the protons in HA thus 
reducing electron density and leading to de shielding effects and increases in chemical 

































Figure 3-4. Theoretically predicted trends for the HA disaccharide in solvents of 
different polarities. Changes in chemical shift (~8), relative to HA in no solvent, are 
shown for ring protons attached to a) GlcNAc and b) G1cU. 
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suggesting a more flexible arrangement where HA likely has more contact with the 
solvent. Thus the downfield trend of the polymer upon increasing the temperature can be 
attributed to less intra- and interchain interactions and more exposure to H20. This trend 
is opposite to that observed for the ring protons of ~DiHA in Chapter 2 where weakened 
H-bonding with the solvent contributed to a general shielding trend at higher 
temperatures. 
Shielding of chemical shifts is observed experimentally for N-H2 and N-H4 upon 
increasing the temperature. Theoretical calculations also show shielding upon increasing 
solvent polarity. This indicates that these protons are entering a more polar environment 
upon increasing the temperature. This would suggest a greater interaction with water at 
higher temperatures. 
Interestingly, U-H2 and U-H4 have opposite experimental and theoretical trends. 
These protons become more deshielded with increasing temperature while theoretically 
being deshielded in a less polar solvent. Unfortunately, U-H4 cannot be resolved 
experimentally so theoretical trends for this proton cannot be explored further. As stated 
above, U-H2 shows the greatest deshielding trend upon increasing the temperature. 
According to theoretical trends, this is indicative of a less polar environment. Because the 
only thing in solution more polar than water is the negatively-charged carboxylate groups 
of GlcU along the HA chain, this suggests a conformational rearrangement that places U-
H2 further from a carboxylate moiety upon increasing the temperature. 
HA-Lipid Interactions 
To understand 1 H NMR spectral changes occurring in mixtures, the spectra have 
been divided into a 'hydrophobic' region (low ppm) and a 'hydrophilic' region (high 
ppm). The hydrophobic region contains the resonances corresponding to the methyl (-
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CH3) and methylene (-CH2) groups of the lipids as well the amide methyl protons of HA. 
The hydrophilic region contains the resonances for the ring protons of HA, the choline 
HG protons of LPCs and PC, and the glycerol backbone protons in DAG, LPCs, and PC. 
In all HAilipid mixtures, some degree of broadening of the HA ring protons was 
observed indicating interactions between the two biomolecules. 
DAGandSA 
The IH NMR spectral traces for HA alone, DAG alone, calculated mixture, and 
the experimental mixture are provided in Figure 3-5. The resonances for DAG and SA 
were likely undetectable due to the strong hydrophobic forces that occur among 
molecules in a micellar arrangement. These micelles have increased tumbling times that 
cause extensive broadening and make the resonances undetectable. In aqueous solutions, 
micelles are arranged with their polar HG exposed to the solvent and their nonpolar acyl 
tails in the interior, shielded from the solvent. 168 Micelles are held together primarily by 
hydrophobic forces involving the acyl tails. If these forces are strong enough, HA is not 
able to disrupt/break the micelles and no lipid-related signals are detected. Despite not 
being detected themselves, the effects of DAG and SA on HA were still monitored in 
order to propose models that take into account the role of the HG and sites of 
unsaturation, and the impact of one versus two tails. 
In aqueous solution, the nonpolar acyl tails of DAG are packed in the interior of 
the micelle, with the polar glycerol backbone on the exterior exposed to the solvent. The 
spectrum of HA, after mixing with DAG, reveals broadening of the ring region and also 
narrowing of the U-H2 peak of GlcU. Broadening suggests a closer, more compact 
arrangement after mixing and leads to the faster loss of spin coherence (small T2). It 
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Figure 3-5. IH NMR spectra of a) HA, b) DAG, c) calculated addition of HA and DAG spectra, and d) experimental mixture of 
1:1 (v/v) HA:DAG. * DSS (reference). t Contaminant. 
DAG micelles interact with the hydroxyl group's along the HA chain. It is possible that 
the C=O and OH moieties of DAG interact with the hydroxyl groups at C2 and C4 of 
GlcU through H-bonding, thus leaving the U-H2 proton more exposed to the solvent. 
Narrowing of resonances, such as what is observed for U-H2, is caused by slower 
relaxation times (large T 2) and reveals enhanced flexibility and motion in the local 
environment of U-H2. 
The NMR spectral traces for HA alone, SA alone, calculated mixture, and the 
experimental mixture are provided in Figure 3-6. In SA, the lack ofunsaturation, and thus 
unbent acyl tail, allows for tighter packing than in micelles of OA, which has a site of 
unsaturation at the center of the I8-carbon tail. This difference is reflected by their large 
difference in melting points (mp = 13-14 °c for OA and for mp = 67-72 °c for SA) and 
demonstrates the very strong hydrophobic forces at play in SA micelles. Like DAG, both 
broadening of the HA ring protons and narrowing of the U-H2 resonance were observed. 
DAG has a mp of 66-69 °c, similar to that of SA, which may explain their similar 
behaviors alone and in the presence of HA. 
The broadening of the HA ring proton resonances is slightly greater for the 
HAiSA mixture than for the HAiDAG sample. This indicates a tighter arrangement for 
HA in presence of SA compared to DAG. This may be the result of stronger H-bonding 
interactions of HA with SA compared to DAG. SA is capable of accepting a H-bond 
through its negatively-charged carboxylate group. The interaction between HA and the 
glycerol backbone of DAG appears weaker than the interaction of HA with carboxylate 
group of SA as indicated by a lesser degree of broadening for the HA ring protons. 
Indeed, the negative charge on SA would have a stronger drive to attract a nearby 
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Figure 3-6. IH NMR spectra of a) HA, b) SA, c) calculated addition of HA and SA spectra, and d) experimental mixture of 1:1 
(v/v) HA:SA. * DSS (reference). t Contaminant. 
OA 
The IH NMR spectral traces for HA alone, OA alone, calculated mixture, and the 
experimental mixture are provided in Figure 3-7. The hydrophobic forces in OA are not 
as strong as those in SA micelles due to the presence of a single site of unsaturation in 
acyl tail. The cis double bond creates a bend in the acyl tail and makes the packing in 
micelles less tight. Indeed, the midpoint phase transition temperature (T m), where the 
packed acyl tails go from an ordered to a disordered phase, is 12 DC for OA, compared to 
almost 70 DC for SA. As a result, the spectrum of OA (Fig. 3-7b) reveals the signals for 
methylene, terminal methyl, and olefenic protons (not shown). The observed spectral 
changes between the mathematical addition (Fig. 3-7c) and the actual experimental 
mixture (Fig. 3-7d) reveal significant broadening of OA resonances in the experimental 
mixture. This is the result of a competition for hydrophobic forces between lipids and 
between lipids and the hydrophobic patches of HA. HA is proposed to be able to disrupt 
the hydrophobic interactions between OA molecules. 
After mixing, significant broadening is observed in the acyl tails of OA and 
moderate broadening of the HA ring protons. Broadening of the acyl tail indicates that 
there are greater interactions in the mixture with HA than the micelles alone. It is 
reasonable to assume that interactions occur between OA acyl tails and hydrophobic 
patches along the HA chain. Broadening of the olefenic protons at 5.32 ppm (not shown) 
was also observed in the mixture and provides further evidence of hydrophobic 
interactions. Due to the bent nature of the acyl chain, the tail should be able to wrap 
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Figure 3-7. 1 H NMR spectra of a) HA, b) OA, c) calculated addition of HA and OA spectra, and d) experimental mixture of 1: 1 
(v/v) HA:OA. * DSS (reference). t Contaminant. 
Interestingly, the narrowing of U-H2 was not observed. This could be attributed to 
the wrapping of an OA molecule with a single carboxylate head around the HA. A single 
carboxylate group may not be able to interact through H-bonds with the hydroxyl groups 
of C2 and C4 of GlcU thus leaving U-H2 unaffected. This differs from the proposed 
interaction of HA with SA micelles that have multiple carboxylate groups on the 
micelle's exterior. 
LPC-OA 
The IH NMR spectral traces for HA alone, LPC-OA alone, calculated mixture, 
and the experimental mixture are provided in Figure 3-8. Like OA, LPC-OA also features 
only one tail which may lead to tighter interaction with HA chain compared to two tails, 
such as was the case in DAG. In the spectrum of LPC-OA alone, resonances related to 
the acyl tails, similar to OA, were observed. In addition, resonances corresponding to the 
glycerol backbone and phosphocholine HG were also seen. Relative to the other lipids, 
LPC-OA caused the most dramatic effect in HA ring broadening and in the narrowing of 
the U-H2 resonance. The U-H2 resonance narrowing in the mixture of HA and LPC-OA 
was not observed when OA was present in the mixture. This suggests that the size of the 
phosphocholine moiety may be a factor in interactions that lead to the narrowing U-H2. 
In the case of OA, a single carboxylate group did not change the dynamics around the U-
H2 proton. However, the larger phosphocholine with its positive charge is proposed to 
interact with the hydroxyl groups of HA and disturb the interactions that lead to the broad 
resonance of U-H2 in HA only. 
Like OA, the hydrophobic forces between acyl tails of molecules packed in a 
micelle could be overcome by HA allowing the lipid-related resonances to be observed. It 
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Figure 3-8. IH NMR spectra of a) HA, b) LPC-OA, c) calculated addition of HA and LPC-OA spectra, and d) experimental 
mixture of 1: 1 (v/v) HA:LPC-OA. * DSS (reference). t Contaminant. 
presence of bulky phosphocholine HG. The large HG of LPC-OA is proposed to keep the 
acyl tail of neighboring lipids further apart thus weakening the hydrophobic forces. 168 
Hydrophobic interactions between HA and LPC-OA are evidenced through 
broadening of the acyl tails. Like OA, the acyl tails are expected to wrap about the HA 
chain. LPC-OA showed significant broadening of the olefenic protons and acyl chains 
after mixing, but slightly less broadening than that observed for OA after mixing. This 
suggests that the presence of the HG reduces how close the acyl tails of LPC-OA can get 
to the hydrophobic patches of the HA chain. Additionally, a downfield shift was observed 
for the terminal methyl protons of the acyl tail indicating they are in a more polar 
environment after mixing. The terminal methyl groups are in a significantly hydrophobic 
environment in the center of the micelle, but experience a more polar environment upon 
interaction with the HA chain. 
The glycerol backbone and choline protons were also broadened after mixing 
suggesting a more compact arrangement with HA than in the micelles. It seems logical 
that a positively-charged HG would be drawn to GlcU due to the negatively-charged 
carboxylate group. 31 p NMR showed a small downfield shift from -0.176 to -0.180 ppm 
of the phosphorus resonance after mixing. However, changes in chemical shift for 31 p 
cannot easily be correlated to either a more or less polar environment. The reason for this 
slight shielding effect is not known, but suggests at least some interaction involving the 
choline HG is occurring. 
LPC-SA 
The I H NMR spectral traces for HA alone, LPC-SA alone, calculated mixture, 
and the experimental mixture are provided in Figure 3-9. Unlike SA, all lipid-related 
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Figure 3-9. IH NMR spectra of a) HA, b) LPC-SA, c) calculated addition of HA and LPC-SA spectra, and d) experimental 
mixture of 1:1 (v/v) HA:LPC-SA. * DSS (reference). t Contaminant. 
individual molecules from getting as close in the micelle, as compared to SA.168 This 
results in weaker hydrophobic forces between molecules and allows HA to compete for 
hydrophobic tail ofLPC-SA thus disrupting the micelle. 
Broadening of HA ring protons and narrowing of the U-H2 resonance are both 
observed. However, both effects were less pronounced than those observed in the 
HAlLPC-OA mixture. This indicates that LPC-SA has weaker interactions with HA 
relative to LPC-OA. It is thought that the lack of double bond makes the acyl tail more 
rigid and unable to intertwine with the HA chain. Based on the lack of significant 
broadening for both HA and LPC-SA resonances, it appears that the interaction between 
the two is minimal. 
The acyl tail protons are also only minimally broadened in LPC-SA and 
significantly less broadened than what was observed for OA and LPC-OA. These 
observation suggests that the flexibility of the acyl tail, either straight or bent, affects how 
tightly the tail can interact with the HA chain in solution. The lack of a double bond in 
LPC-SA prevents it from being able to wrap around the HA chain. For lipids containing 
unsaturated tails (i.e. LPC-OA), the bend in the tail allows for greater flexibility of the 
tail and enables its wrapping around the HA chain. It is possible that the tails of LPC-SA 
are near the HA chain but not intertwining and therefore we observe only slight 
broadening. 
Only very mmor broadening is observed in the glycerol backbone protons 
suggesting that they are not involved in the interaction with HA. However, slight 
broadening is observed for the choline protons suggesting that they may take part in the 
interaction with HA. Additionally, 31p NMR showed a small change in the phosphate 
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resonance chemical shift from -0.182 to -0.179 ppm. As was the case in LPC-OA, the HG 
may be involved in the interactions that lead to the narrowing of U-H2. 
PC 
The I H NMR spectral traces for HA alone, PC alone, calculated mixture, and the 
experimental mixture are provided in Figure 3-10. In general, PC resonances are weaker 
in intensity than the observed resonances for the other lipid species, both before and after 
mixing with HA. This is the result of broadening caused by presence of lamellar (bilayer) 
vesicles instead of simple micelles which are formed by F As and LPCs. The PC used in 
this study was from egg yolk and contained a mixture of acyl tails. According to the 
manufacturer, the predominant PC species contains a palmitoyl (16:0) and an oleoyl 
(18:1) tail. The Tm for this PC species is _2°C. In comparison, the Tm for the dipalmitoyl 
PC species is 41°C. This large difference shows the significance of a double bond, which 
creates a bend in the tail, on the packing of acyl tails within a micelle thus causing a 
reduction in the hydrophobic forces between tails. Unlike the LPCs, 31p NMR revealed 
the phosphate resonance to be so broadened that it was undetectable in both the mixture 
and the control (PC alone). PC is known to form multi- or uni-Iamellar vesicles in which 
the lipid bilayer(s) expose the charged HG to the aqueous phase and the acyl tails interact 
with other. In the bilayer, the phosphocholine HG is in a staggered arrangement such that 
the phosphate of one HG is near the choline of the neighboring HG. 168 These interactions 
are at least partially disrupted by HA as the resonances of PC can still be observed. This 
suggests more of an interaction that what was observed for DAG and SA. However, the 
mathematical and experimental spectra are quite similar suggesting much less of an 
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Figure 3-10. IH NMR spectra of a) HA, b) PC, c) calculated addition ofHA and PC spectra, and d) experimental mixture of 1:1 
(v/v) HA:PC. * DSS (reference). t Contaminant. 
Moderate broadening of HA ring protons and minimal broadening of the acyl tail 
protons were observed after mixing. This indicates only minimal interactions with the 
HA chain as was the case with LPC-SA. The fact that PC has two tails instead of one 
may inhibit interactions with the HA chains due to the larger cross-sectional area of PC 
(as compared to LPCs). It is possible that the HA chain is able to accommodate a single 
acyl tail more easily than two acyl tails. 
No broadening of either olefenic (not shown) or choline protons was observed 
which also suggests that PC may not be able to get close enough to the HA chain to be 
able to interact. HA is likely unable to disrupt the electrostatic interaction between 
neighboring phosphocholine HG in lipid bilayers. No narrowing of the U-H2 peak in HA 
also supports this postulate. 
CONCLUSIONS 
The biologically relevant, high-MW polymer was analyzed by NMR. Compared 
to the disaccharide analyzed in Chapter 2, differences in anomer chemical shifts were not 
observed and the polymer spectrum features considerable broadening due to slow 
correlation times and fast T 2 relaxation times. Past literature of polymeric HA has 
focused on the low-MW polymer due to the high viscosity and increased broadening 
associated with the high-MW polymer. Through the use of the 700 MHz NMR we were 
able to resolve most protons with the exception of one broad peak corresponding to the 
overlap of four ring proton resonances. Increases in temperature revealed slight 
narrowing and small downfield changes for most resonances. These rather small changes 
may result from the opening up of the polymer chain to allow for more interactions with 
the solvent. 
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1 H NMR was used to probe possible interactions occurring between HA and lipid-
related species (F As, LPCs, DAG, and PC). Spectral changes were monitored between 
control solutions and binary mixtures. OA was used as indication of hydrophobic 
interactions between acyl tails and hydrophobic patches along the HA chain. In 
comparison to SA, the lack of a double bond prevented HA from disrupting the strong 
hydrophobic forces in the SA micelles. LPCs were studied to examine the role of the HG 
in HA interactions. LPC-OA featured the greater changes in HA resonances compared to 
all lipid species analyzed. However, HA was shown to have tighter interaction with the 
oleoyl of OA due to the lack of a HG which allows it to get closer to the HA chain. The 
interactions of HA with LPC-OA were also compared to those with PC to evaluate the 
effect of one tail versus two tails. Due to size constraints, a single tail was able to interact 
closer with HA. SA, DAG, and PC were shown to have only minimal interactions with 
HA. 
To our knowledge, no pnor studies have analyzed the possible interaction 
between HA and lipids at the molecular level. Both hydrophobic and electrostatic 
interactions were found to play significant roles. Interactions were shown to favor an 
unsaturated, single acyl tail, attached to a positively-charged HG. These studies represent 
the first step in understanding the role lipids play in the two- and three-dimensional 
structure of HA. 
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CHAPTER 4 
MALDI-MS STUDIES OF HA DISACCHARIDE & LIPIDS 
INTRODUCTION 
Mass spectrometers are equipped with a variety of ion sources and mass 
analyzers, each with inherent benefits and limitations, which can be targeted to specific 
applications. The review of all the possible combinations of ionization sources and mass 
analyzers is beyond the scope of this introduction. Instead, a brief background is provided 
on mass spectrometry (MS), followed by a more detailed description of matrix-assisted 
laser desorption ionization time-of-flight MS (MALDI-TOF-MS) which is of relevance to 
this dissertation. Results from previous MALDI-MS studies of hyaluronan, HA, and 
phospholipids, PLs, (and metabolites) are also presented. 
Mass Spectrometry Background 
Mass spectrometry (MS) is a widely used technique to analyze inorganic, organic, 
and biological molecules. From mass spectra, an analyte' s elemental composition, 
isotopic ratio, and structure can be deduced. 169-171 In addition, MS can be used as a 
detection system following separation by a number of techniques, i.e. gas 
chromatography (GC), liquid chromatography (LC), and capillary electrophoresis 
(CE).172 Prior separation for MS analysis may be necessary in the characterization of 
complex mixtures if the ionization method chosen results in a large number of fragments 
for each compound present. 170 MS is based upon the ionization of the analytes, separation 
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of ions on the basis of mass-to-charge ratio (m/z) , and detection of ions by a mass 
analyzer. 172 Both positive and negative ions with one or more charges can be generated 
and detected. Dimers and trimers may also be observed if the concentration of the analyte 
is too high. 
Depending on the ionization method used, 'soft' versus 'hard', varying degrees of 
fragmentation can occur.172 Hard ionization methods form ions by breaking bonds 
leading to the formation of fragment ions. Soft ionization techniques do not break bonds 
and thus produce 'parent' ions that reveal the molecular weight (MW) of the native 
molecule. For these reasons, soft ionization techniques can be used for the analysis of 
complex mixtures. MALDI is a relatively soft form of ionization that has become popular 
over the past two decades for the detection and quantification of biomolecules, both large 
and small. 170,173,174 
Basic Principles in MALDI 
In matrix-assisted laser desorption ionization (MALDI), laser radiation (often 
with ultraviolet, UV, frequencies) is impingent onto the sample/matrix spOt. 175- 177 The 
UV -absorbing matrix promotes the ionization along with desorption/ablation of the 
analyte into the gas phase. 178,179 MALDI-MS offers advantages of ease of use, quick 
analysis times, and high sensitivity extending to zeptomoles (10-21 mole) thus allowing 
the detection of biological compounds in single cells. 180 It is particularly ideal for 
biomolecules and large organic molecules and polymers because the limited 
fragmentation enables the detection of the parent ion in the singly charged state. MALDI 
has also been extended to the direct analysis of complex biological mixtures both in situ 
d · . 96 181 182 I . . . h' f fl' h (TOF) 1 h' h an In vItro. " n conjUnctIOn WIt a tlme-o - Ig t mass ana yzer, Ig mass 
resolution is commonly achievable up to several hundred kDa. 174 
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MALDI requires only small volumes (0.5-1.0 ~L) which are deposited ('spotted') 
into small wells on the surface of a metallic (i.e. stainless steel) 'MALDI plate,.172 The 
sample and matrix, in appropriate molar ratios (1: 1 03 -10\ are combined either directly 
on the plate (dried-droplet method) or prior to spotting (premix). Ideally, spotting should 
result in a thin, homogenous layer of matrix crystals in which the analyte is embedded 
(Fig. 4-1). Cocrystallization of the analyte with the matrix is critical in MALDI for 
ionization to take place. 183 Once the spots have dried, the MALDI plate can be introduced 
into the instrument, either under atmospheric pressure or vacuum (10-6 Torr) conditions. 
Although atmospheric MALDI provides softer ionization and less fragmentation, vacuum 
MALDI is often preferred due to its greater sensitivity compared to that of atmospheric 
MALDI.172 Once inside the ionization chamber, a pulsing UV laser is rastered over a 
sample spot. The energy from the laser is transferred to the UV absorbing matrix causing 
the desorption/ablation of both matrix and analyte molecules into the gas phase creating a 
'plume' containing various ions (Fig. 4-1). 
In general, the ionization process can be divided into primary and secondary 
ionization steps which take place in the solid phase and the gaseous plume, 
. I 184--186 Th· . I h . f I d . respectIve y. e pnmary step mvo ves t e conversIOn 0 neutra compoun s mto 
charged products, by influence of the laser pulse on the sample. This step takes place 
primarily in the solid phase and the ions are most often matrix-derived species. 185 
Ionization mechanisms involved in the primary ionization step are not fully understood at 
this time and are likely to involve several different mechanisms operating 
simultaneously. 186 These may include multi-photon ionization, energy pooling, 
disproportionation, excited-state proton transfer, thermal ionization, desorption of 
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Figure 4-1. Ionization process in MALDI-MS. A pulsed laser beam is irradiated on the 
sample spot. Upon desorption/ablation, a gas phase plume is formed containing the 
matrix and analyte ions. 
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Secondary steps occur after desorption/ablation and in the gaseous plume that results. 
Collisions between the analyte (A) and the excess matrix (m) contribute to the ionization 
of A by various processes including electron transfer, proton transfer, and cation 
attachment or transfer. 191 
1. Proton transfer: mH+ + A ~ m + AH+ and (m-Hr + A ~ m + (A-Hr 
2. Electron transfer: m + + A ~ m + A + 
3. Cation transfer: Na+ + A ~ m + ANa+ 
Ionization depends critically on the choice of matrix as well as the matrix to 
analyte ratio. 186 The matrix serves as either a proton donor or acceptor to the analyte and 
will thus ionize the analyte with either positive and negative charges, respectively. The 
deprotonation/protonation of the analyte is related to some extent to the acid-base 
characteristics of the matrix. 184 The presence of metal cations, such as Na + and K+, also 
leads to formation of charged adducts. The formation of dimers and trimers is also 
possible particularly when the analytes are present in high concentrations. Singly charged 
ions are most common, but multiply charged ions can sometimes be formed. 188 The 
matrix also acts to separate analyte molecules from each other, to absorb energy from a 
UV laser, and to promote the vaporization of the analyte, as mentioned above. 
Requirements for a suitable matrix include high absorptivity at the laser wavelength, 
stability under low pressures (if vacuum MALDI is used), low extent of fragmentation, 
and good mixing properties with the analyte so as to produce homogenous 
cocrystallization. 
A large number of matrices have been explored over the years mostly on a trial 
and error basis. 183 The pH of the matrix plays a role in the ionization, either positive or 
negative, of the analyte. 192 Acidic organic matrices favor protonation of the analyte and 
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formation of positively-charged ions. 193 Common acidic matrices, used in the analysis of 
both carbohydrate and PLs, are 2,5-dihydroxybenzoic acid (DHB) and cyano-4-hydroxy-
cinnamic acid (CHCA).194--197 On the other hand, nearly neutral or basic matrices favor 
deprotonation of the analyte and produce negatively-charged ions. Para-nitroaniline 
(PNA),198,199 9-aminoacridine (9AA),200-202 and 2-(2-aminoethylamino )-5-nitropyridine 
(AAN)203 have been used successfully in the past for the negative ionization of lipids. 
In addition, various micro- and nano-sized inorganic compounds (metal oxides, metal 
salts, and single element nanoparticles204) can also be employed as MALDI matrices.204--
206 Inorganic matrices are characterized by low or no matrix background interferences, 
chemical inertness and better spot-to-spot reproducibility compared to the more 
traditional organic matrices. 182 Metal oxides are particularly attractive matrix candidates 
because their isoelectric points (IEPs) vary over a wide range of pH from acidic to basic. 
As with organic matrices, acidic oxides such as titania (IEP = 4-5) form predominantly 
cations, while basic oxides such as Fe203 (IEP = 8-9) are expected to promote the 
formation of anions. 182,207 
Basic Principles in TOF Mass Analyzer 
MALDI is often coupled with a time-of-flight (TOF) mass analyzer which 
performs the separation of ions based on the time difference between the ionization pulse 
and the arrival of each ion at the detector. 169 In a TOF analyzer, the ions are accelerated 
by an electric field, with typical accelerating voltages (Vs) of 1 to 20 kV. The ions pass a 
charged grid and drift over a field-free space of length D, commonly between 0.50 and 3 
m (Fig. 4_2).170 Ideally, all ions leaving the source have the same kinetic energy (KE): 
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Figure 4-2. Time-of-flight (TOF) mass analyzers. a) Linear detection showing separation based on mlz. Lighter ions travel faster 
than heavy ions and reach the detector sooner. b) Reflection detection showing focusing of ions that vary in kinetic energy (KE). 
Fasters ions (higher KE) travel deeper into the reflectron and have longer path lengths compared to slower moving ions with less 
KE. 
where m is the mass of the ion, v is the initial velocity, e is the charge of an electron and z 
is the number of charges on the ion. Their velocities in the drift region are inversely 
related to their masses: 
Ions with lower m and higher charge (z) arrive at the detector faster than those of higher 
m and lower z. The time of flight (t) can be expressed as follows: 
( 
m )1/2 
t- -- D 
2zeVs 
Consequently the value of mlz can be inferred from the time of flight: 
m (t)2 
""i = 2eVs D 
The TOF mass analyzer can operate in either positive or negative modes allowing 
the detection of positive and negative ions generated from the ionization processes. 169 
Changing from one mode to another is performed simply by inverting the voltage at the 
source and reflectron. The resolution in TOF-MS is degraded if ions of the same mass do 
not arrive at the detector at the same time. Factors that can affect the resolution in TOF-
MS include the initial conditions of the ions (temporal, spatial, and KE distributions), the 
formation of fragments, and the properties of the ion detector.208 
Improvements to resolution lead to narrower peaks by decreasing differences in 
arrival time (t) to the detector for ions with the same mlz. 169 Temporal variations are the 
result of ions of equal mlz being formed at different times. An ion formed at time t/ will 
reach the detector before an ion formed at tl + !1t. If !1t is constant, resolution can be 
improved by employing longer tubes that allow for longer drift times and decreases the 
impact of ~t relative to the total flight time. 169 
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Loss of resolution due to KE distribution can be corrected through the use of a 
reflectron (also called reflector or electrostatic mirror) which reflects ions toward the 
detector. 178 More energetic ions penetrate deeper in the reflectron thus taking a slightly 
longer path to the detector (Fig. 4-2b). Ions with lower KE spend less time in the reflector 
and have a shorter flight trajectory but arrive at the reflector detector at about the same 
time as the ions with higher KE. Ions with the same mlz values, but different initial KE, 
are thus focused and differences in arrival time are decreased thus improving 
resolution?09 Unfortunately, this comes at a cost of sensitivity loss because the ions are 
spread out once they tum around in the reflectron and only a fraction of the initial ion 
population can be collected by the detector. Furthermore, the reflectron reduces the 
accessible mass range to < 10,000 mlz due to metastable decay of large molecules in the 
flight tube. 178 This results in the intact molecular ions having a higher KE than their 
decay products and thus do not arrive at the detector at the same time. These fragment 
ions, which are often abundant, are observed by the reflectron but not in linear mode. 
Another approach to improve resolution is through delayed extraction or time-lag 
energy focusing?08,210 The mass resolution is enhanced by minimizing the initial velocity 
distribution of formed ions. This is achieved by allowing a short delay (~150 ns or less) 
between the laser pulse and the voltage pulse that extracts ions from the source. 169 In this 
time period the KE of the ions decreases and both the distribution of their initial velocity 
distribution and their temporal spread of entry times into the drift tube are reduced. 
Post-Source Decay 
Post-source decay (PSD) is a method of obtaining additional fragmentation from a 
selected precursor ion. 171 At higher laser intensities, some ions are decomposed into PSD 
fragments in the drift tube. These fragments are mainly formed by unimolecular 
115 
decomposition after the precursor ions are fully accelerated. 186 The fragment ions travel 
at the same velocity as the parent ions. However, the KE of the fragment ion (KEfr) 
differs from that of the parent (KEp) as given by: 
where mfr and mp are the masses for the fragment and parent ions, respectively. The 
fragment ions of lower KE are reflected more quickly than the precursor ion. As a result 
the fragment ions are not properly focused by the reflectron and appear at incorrect mlz 
values. 177 Fragments with lower KE can be focused by adjusting the voltage applied to 
the mirror. The PSD spectrum is collected at various mirror ratios, each ratio is chosen to 
focus correctly the fragment ions. 171 The focused spectral regions obtained at each mirror 
ratio are then 'stitched' together to produce the PSD spectrum. Analysis of the masses of 
fragmentation ions obtained by PSD can be used to aid structure determination but 
requires significant amounts of samples and is time-consuming. 
Whereas PSD is specific to TOF mass analyzers, tandem MS (MS-MS) can be 
applied to a variety of other mass analyzers, such as orbitrap and quadrupole detectors, in 
addition to TOF. l7l MS-MS connects two mass analyzers in sequence. Similar to PSD, a 
precursor ion is selected to undergo additional fragmentation and the information 
obtained can be used for structural elucidation. 169 
Past MS Studies of HA 
High-MW HA has not been detected by MS; however, HA oligomers up to 
~ 10,000 Da have been characterized and differentiated in both the positive and negative 
. d 211-213 E . d d' fHA I . . d d ~ IOn mo es. nzymattc egra atton 0 po ymer IS reqUIre to pro uce lragments 
that lead to detectable ions. The choice of enzyme determines whether the GlcU residue 
at the nonreducing terminus is saturated or unsaturated.36 Hyaluronidase (HAase) 
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enzymes lead to the fully saturated form of GlcU while HA lyase enzymes produce 
fragments containing a L14 -unsaturated, GlcU at the nonreducing end. 142,143 Digestion 
conditions and times determine the size of fragments obtained. Fragments containing an 
even-number of saccharides are most common; however, odd-number oligomers have 
been occasionally observed by MS, albeit at relatively low abundance compared to even-
number 0Iigomers.21 4-216 Mass spectral analysis of HA fragments has been used in 
degradation monitoring applications and pharmaceutical formulation using HA fragments 
as drug delivery agents?17-219 
Many of the previous studies have also employed separation techniques, such as 
high-performance liquid chromatography (HPLC), capillary electrophoresis (CE) and 
size-exclusion chromatography (SEC), to separate fractions containing different chain 
lengths and molecular weights.59,213,220--223 Although much work has been performed on 
enzymatically digested HA, little is known about its fragmentation pathways. 
Past ESI-MS Studies of HA 
Like MALDI, electrospray ionization (ESI) is a soft ionization technique, but its 
method of ionization is quite different. In ESI, the sample solution is sprayed from the tip 
of an electrically charged capillary and nebulized to form small charged droplets of the 
sample solution at atmospheric pressure. These charged droplets are in tum desolvated to 
form gas phase ions. Solvent signals are typically not present in ESI spectra due to the 
practically complete removal of solvent from the charged droplets. In contrast to MALDI 
that involves a pulsed ionization method, the ionization in ESI is continuous, making it 
suitable for interfacing with a separation technique (i.e. LC or CE). Traditionally, ESI 
sources have been coupled to quadrupoles and quadrupole ion traps as mass analyzers. 
They are also more readily configured as tandem mass spectrometers for mass-selection 
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and subsequent fragmentation of a chosen ion. Unlike MALDI, samples need to be 
virtually free of salts otherwise they clog the capillary. Multiply charged ions (+2, +3, +4, 
etc.) are also much more common to ESI than MALDI, which adds complexity to mass 
spectra of mixtures. 
ESI-MS of HA fragments obtained by digestions with HA lyase and HAase have 
revealed oligomers containing an odd-number of saccharides. Baker et al. observed odd-
numbered oligomers in the negative mode for masses up to 8 kDa?16 However, their 
presence was not observed by HPLC or MALDI analysis. Furthermore, relative 
intensities of the odd-numbered oligomers detected by ESI-MS showed a cone-voltage 
dependence that suggested that the odd-numbered oligomers resulted from collisional 
activation. It is therefore necessary to keep the cone voltage low and precisely controlled 
in ESI-MS. Under these conditions, ESI-MS results showing only even-numbered 
oligomers are in agreement with those obtained with other techniques. 
ESI-MS has been coupled with HPLC to analyze HA oligosaccharides obtained 
from digests with HAase. Fragments were observed from the disaccharide-size up to n = 
20 repeating units (~7 ,600 Da) and a series of negatively-charged species of different mlz 
ratios, were observed for each 0ligosaccharide.224 Smaller HA species, di- and 
tetrasaccharide, exhibited mainly [M-Hr anions while hexa- to decasaccharide size 
fragments existed predominantly as a charge state of -2. Larger oligomers (from n = 6 up 
to n = 20 repeating disaccharide units) were characterized by even higher, -3 to -5, charge 
states. Furthermore, smaller HA species (n :S 20) revealed anions containing an odd 
number of saccharide units, albeit in relatively low abundance. However, only even-
numbered species were observed for HA species larger than n = 20. 
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Past MALDI-MS Studies of HA 
One of the first studies showing the applicability of MALDI-MS to the MW 
characterization of enzymatically degraded HA was that of Yeung and Marecak in 
1999.212 Digests were separated using gel-filtration chromatography (GFC) and MALDI-
MS was performed on fractions using DHB as matrix in the negative mode. Using the 
molecular mass obtained by MS, a calibration curve (up ~15,000 Da) was constructed for 
the GFC system to allow the MW characterization of other HA digests. 
In 2006, Schiller and coworkers reported the detection of ng amounts of HA 
oligo saccharides obtained by enzymatic digestion (down to hexasaccharide size) by 
MALDI-MS in the positive and negative modes, using DHB as matrix.225 They also 
evaluated the use of SIN ratio as a means of a quantitative measurement of concentration. 
A linear correlation between the SIN ratio and HA amount was observed between 0.8 
pmol down to 40 fmol. The SIN and spectral resolution were found to depend largely on 
the size of the HA oligomer, with larger oligomers being detected with less sensitivity. 
Recently this group analyzed separated HA oligo saccharides (tetra-, hexa-, and octa-
saccharide sizes) directly from thin-layer chromatography (TLC) plates, in the negative 
ion mode using 9AA as matrix.226 However, they found that high content of formic acid 
used in the solvent system was responsible for the partial formylation of HA and minor 
loss of N-acetyl, but no other fragmentation was observed. In a short communication 
published in 2012, they reported the detection limits (DLs) of the HA tetrasaccharide 
using DHB and 9AA in both positive and negative ion modes.227 Not surprisingly, 9AA 
provided the lowest DL in the negative ion mode (130 pg), while DHB provided the 
lowest DL in the positive ion mode (500 pg). 
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Toida et al. used trimethylsilyl diazomethane to derivatize HA to the methyl 
esterified form to facilitate the quantification of HA by MALDI-MS using a-cyano-4-
hydroxycinnamic acid (CHCA) as matrix?l3 They analyzed HA oligo saccharides ranging 
from the tetrasaccharide size up to 34-mer (17 repeating disaccharide units). The major 
peaks in the positive ion spectra corresponded to [M+Nat and in the negative ion mode 
was [M-CH3r ions. Methyl esterification of HA revealed higher sensitivity compared to 
the acidic (-COOH), sodium salt (-COONa), and ammonium salt (-COONH4) forms of 
HA. Both the acidified and methyl esterified forms of HA afforded much simpler mass 
spectra compared to the salt forms, as they lacked peaks containing multiple 
metal/ammonium adducts. For example, the acidic form of HA showed only a single 
peak for each oligosaccharide while the sodium salt form contained multiple peaks for 
each oligosaccharide corresponding to multiple sodium adducts (i.e. [M+Nat up to [M-
4H+5Nat). 
Past Tandem MS Studies of HA 
Fast atom bombardment (F AB) collision-induced dissociation (CID) tandem MS 
(MS-MS) was shown to be able to differentiate between two disaccharide isomers: 1) 
~GlcU-GlcNAc (from HA) and 2) ~GlcU-GaINac (disaccharide unit of chondroitin).228 
These disaccharides are epimers and thus differ in the position of the hydroxyl group at 
C4 of GlcNAc or GalNAc. Different fragmentation behavior was observed for the 
[M+Ht ion (mlz = 380) and a characteristic fragmentation ion was observed in ~GlcU­
GalNAc which allowed the two isomers to be distinguished. Interestingly, both ~GlcU­
GlcNAc and ~GlcU-GaINAc showed fragments related to the GlcNAc/GalNAc 
monosaccharide (mlz = 222). However, these fragments were significantly more intense 
for ~GlcU-GlcNAc. The authors propose that the C4 hydroxyl group of the GalNAc 
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residue in ~GlcU-GalNAc may inhibit proton transfer and thus the formation of GalNAc 
related fragment ions. 
Linhardt and coworker used reverse-phase HPLC-ESI-MS/MS to distinguish 
between HA and N-acetylheparosan (NaH) isomers?29 NaH has the same chemical 
formula as HA, but the glycosidic linkage occurs between Cl ofGlcU and C4 of GlcNAc 
(instead of C3 of GlcNAc in HA). Tandem MS of saccharides can result in fragmentation 
due to both glycosidic and cross-ring cleavages. Using the singly charged oligosaccharide 
precursor ions, MS-MS resulted in unique fragment ions in NaH compared to HA. These 
unique fragments correlated to the cross-ring cleavage of the GlcNAc residues in NaH 
oligosaccharides. They achieved detection limits better than 100 ng for each of the 
analyzed oligosaccharides. 
Past MALDI Work on Lipids 
MALDI-MS has become a useful, rapid, and sensitive tool for lipid analysis and 
characterization. They can be analyzed at the low nanomolar range and quantification is 
possible with the use of standards and calibration curves. Lipids can be extracted from 
the sample with methanol or chloroform/methanol and analyzed without further 
purification. 
Lipid-related peaks can be detected in the either positive or negative ion mode 
although the intensity of peaks in the negative mode is generally weaker than in the 
positive mode. Lipids containing a choline headgroup (HG) (i.e. phosphatidylcholine , 
PC, phosphatidylethanolamine, PE, lyso-PCs, lyso-PEs, sphingomyelin, SM, 
dihydrosphingomyelin, DHSM) are ionized most efficiently in the positive ion mode 
because of the permanent positive charge on the choline moiety (Figure 1-11). For these 
zwitterionic compounds, only the protonation of the phosphate group is required to 
121 
produce a positively-charged ion. For other classes, such as phosphatidylinositols (PIs), 
phosphatidylglycerols (PGs) and phosphatidylserines (PSs), besides the protonation at the 
phosphate group, an extra proton (or metal cation) is required to produce a monovalent 
cation. Some classes of lipids such as diacylglycerols (DAGs) and triacylglycerols 
(TAGs) are detected only in the positive mode but do not form protonated ions and only 
metal cation adducts are observed instead. DHB is a matrix widely used for the detection 
of lipids in the positive ion mode. Peaks related to the protonated, group I metal adducts, 
and dimeric forms of lipids are commonly observed. This adds spectral complexity in the 
analysis of lipid species in a mixture. 
Spectra in the negative mode appear much simpler than in the positive mode due 
to the presence of deprotonated species only and lack of metal adducts. Anions are 
formed by the loss of labile phosphate protons. Our group found PI to have the highest 
ionization efficiency in the negative ion mode using AAN as matrix, followed by PG and 
PS?03 The high relative ionization efficiency (RIE) of PI may be attributed to the 
stabilization of the phosphate anion by formation of H-bonds with vicinal OH groups in 
the inositol HG. 
Different matrices such as PNA, 9AA, and AAN have been evaluated by our 
group for the negative mode detection of PLs in lens tissue and soybean methanolic 
extracts.203 AAN was shown to produce homogenous spots and exhibited enhanced 
sensitivity due to a greater amount of negative ions formed because of its high basicity 
(pH = 9.2 ± 0.1). Titanium micro- (TMs) and nanoparticles (TNs) were also explored as 
matrices by our group for the analysis of soybean extracts in the positive- and negative-
ion modes. 182 TM ionized PLs in vitro but caused partial removal ofHG moieties, leading 
to a higher than expected signal from phosphatidic acid (PAs). 182 TN s caused even 
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greater cleavage of the HGs and in some cases the parent ions could not be detected. 
Interestingly, in situ analysis of soybean slices with TNs produced only minor levels of 
HG cleavage. 182 It was proposed that the lower extent of cleavage may be the result of 
protection by tissue components and/or by their cellular organization that restricts direct 
contact with TN. 182 Ideally, one would like to suppress this cleavage so as to achieve 
accurate characterization and quantification. 
Even though other groups have analyzed HA by MALDI-MS, in this work several 
matrices have been explored for their possible use in the detection of HA in the positive 
and negative ion modes and to understand the role of matrix pH on the ionization of the 
analyte. Neither the impact of HA on the ionization of lipids nor the possible influence of 
lipids on the ionization of HA has been explored. For this reason, the work discussed in 
this chapter focuses on model studies carried out in HA alone, lipids alone, and their 
mixtures. The information obtained in the project could aid in future in situ studies of the 
VH. Additionally, because HA has been used as an encapsulating agent for hydrophobic 
drugs,43,44 studies were also conducted to evaluate interactions between HA and lipids 
that potentially protect them from cleavage that results in HG loss. 
The following lipids were chosen for the MALDI-MS analysis of possible gas-
phase interactions with ~DiHA: fatty acids (FAs), LPCs, DAG, and PLs. FAs, stearic 
acid (SA, 18:0) and oleic (OA, 18:1), were selected to investigate if a single acyl tail 
containing a small negatively charged carboxylate group affects the RIE of ~DiHA. 
LPCs containing either an oleoyl (LPC-OA) or a stearoyl (LPC-SA) acyl chain were 
chosen to evaluate the impact of a large positively charged headgroup on the RIE of 
~DiHA. Phospholipids were also analyzed to learn whether or not the presence of two 
acyl tails (rather than one) affects the gas-phase interactions with HA. The PLs were 
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selected on the basis of the type of charge on their headgroup. PA was selected due to the 
negative charge of the phosphate group, while PE and PC possess a positively-charged 
headgroup. Unlike in PE, the positive charge in PC is permanent and not pH dependent. 




Analytes. Hyaluronic acid disaccharide sodium salt or alpha-4-deoxy-L-threo-
hex-4-enopyranosyluronic acid-[1 ~3] (a-~GlcU-(1 ~3)-GlcNAc or ~DiHA), 1-0Ieoyl-
2-hydroxy-sn-glycero-3-phosphocholine (LPC-OA), 1,2-dipalmitoyl-sn-glycerol (DAG), 
stearic acid (SA) and oleic acid (OA) were purchased from Sigma-Aldrich (St. Louis, 
MO). 1-Palmitoyl-2-0Ieoyl-sn-glycero-3-phosphoethanolamine (PE) and 1-stearoyl-2-
hydroxy-sn-glycero-3-phosphocholine (LPC-SA) were obtained from A vanti Polar 
Lipids, Inc. (Alabaster, AL). 1,2-Dipalmitoyl-sn-glycero-3-phosphory1choline (PC) and 
1,2-dipalmitoyl-sn-glycero-3-phosphatidic acid (Na+ salt) (PA) were acquired from 
Matreya (Pleasant Gap, PA). The chemical structures of all analytes and their molar 
masses are provided in Figure4-3. 
Matrices. 2,5-dihydroxybenzoic acid (DHB), 4-nitroaniline (or para-nitroaniline, 
PNA), 9-aminoacridine hydrochloride monohydrate (9AA), and 2-(2-aminoethylamino)-
5-nitropyridine (AAN) were purchased from Aldrich Chemical Company, Inc. 
(Milwaukee, WI). The chemical structures of the organic matrices and their molar masses 
are provided in Figure 4-4. Titanium(IV) oxide 'nanopowders' was obtained from Sigma-
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Figure 4-4. Organic matrices used in MALDI-TOF-MS studies and their corresponding 
isotopic masses. 
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attractive forces among particles can lead to the formation of large aggregates in the ~m 
range. Mandyz analyzed 'nanopowders' from different manufacturers and even after 
ultrasonication, the aggregate size remained in the micrometer range.230 For this reason, 
the purchased nanopowder is referred to as titania microparticles (TMs) throughout this 
chapter. AgCl and CsCl were obtained from Sigma-Aldrich (St. Louis, MO). 
Solvents. Methanol and chloroform were purchased from Sigma-Aldrich (St. 
Louis, MO). Barnstead Nanopure water (17.8 MO, • cm) was used in the preparation of 
solutions. 
Sample Preparation 
~DiHA was dissolved in H20 at a concentration of 1 mg/mL (2.5 mM) in the 
matrix comparison studies. In the HG cleavage studies of PC by TM, 1.0 mg/mL PC (in 
MeOH) was prepared and combined with an equal volume of 1 mg/mL HA (in H20) in 
the ~DiHAIPC mixture. In both of these studies, the premix spotting method was used: 
1: 1 volumes of HA and matrix was combined prior to spotting on the MALDI plate. 
In the RIE comparison studies, PLs (PC, PE, and PA) and lipid metabolites 
(DAG, LPCs, and FAs) were analyzed alone and in combination with ~DiHA. Individual 
solutions of each were prepared in MeOH at concentrations of 1.0 mM for lipids (and 
related metabolites) and 0.5 mM for ~DiHA. PA, DAG, and SA required sonication for 
approximately 15 minutes to promote dissolving. Each lipid and lipid metabolite was 
combined, individually, with ~DiHA so that seven mixtures were prepared: ~DiHAlPC, 
~DiHAlPE, ~DiHAIP A, ~DiHAIDAG, ~DiHAlLPC-SA, ~DiHAlLPC-OA, ~DiHAlSA, 
and ~DiHAlOA. Mixtures were prepared by combining equal volumes of 2.0 mM lipid 
solutions with 1.0 mM ~DiHA solutions so that the resulting concentrations of each were 
1.0 and 0.5 mM, respectively, in the mixtures. Using the dried-droplet method, 0.5 ~L of 
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analyte solution (or mixture) was spotted first, allowed to dry, and 0.5 ilL matrix were 
spotted onto the MALDI plate. 
Matrix Preparation 
The acidic matrices (TM and DHB) were dissolved in the water and 1: 1 
MeOH:H20, respectively. Matrix concentrations were optimized to yield the highest SIN 
which was determined to be 10 mg/mL for both (0.125 M for TM and 0.065 M for DHB). 
The nearly neutral and basic matrices (PNA, 9AA and AAN) were dissolved in 
chloroform/methanol (2: 1). These matrices were prepared at previously reported 
concentrations: 23.5 mg/mL (0.17 M) for PNA, 15 mg/mL (0.060 M) for 9AA, and 18.2 
mg/mL (0.10 M) for AAN. All matrices were prepared fresh daily. The pH values 
measured (n = 5) for the resulting matrices were 2.5 ± 0.1 for DHB, 3.4 ± 0.2 for TM, 7.3 
± 0.3 for PNA, 6.6 ± 0.2 for 9AA and 9.2 ± 0.2 for AAN. In the analysis of FAs only, 
DHB was saturated with either cesium or silver chloride in an attempt to enable 
ionization. 
MALDI-TOF-MS Analysis 
All mass spectra were recorded using a Voyager Biospectrometry delayed 
extraction (DE) workstation (Applied Biosystems, Foster City, CA). All samples were 
spotted on a IOO-well (lOxIO) stainless steel plate from Applied Biosystems. A 337-nm 
pulsed nitrogen laser is used for induction of sample ionization. The extraction voltage 
was 20 kV. Spectra were acquired in the reflector mode. Data Explorer, version 4.8 
software (Foster City, CA) was used to analyze and process the mass spectra. 
DHB and TM, due to their acidic nature, were the matrices of choice in the 
positive ion mode. The nearly neutral 9AA and the basic AAN matrices were used for 
negative ion mode. Both positive and negative modes were used for PNA. DHB matrix 
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was used solely in the RIE because it showed the greatest ionization and the highest 
reproducibility. 
The laser power was adjusted to obtain high signal-to-noise ratio (SIN), while 
ensuring minimal fragmentation of the parent ions. The laser power was, however, 
necessarily held constant (at 1428) in the RIE comparison studies. Each spectrum was 
manually acquired and represents the average of at least 100 shots collected within a 
single MALDI spot. 
Mass spectra were calibrated with a two-point mass calibration. This generally 
involved using a matrix peak as the low-mass calibration point and an analyte adduct or 
dimer for the high-mass calibration point. RIEs of analytes were calculated by summing 
analyte peak areas and setting them relative to the matrix peak areas. This was done on a 
minimum of five spectra for each sample and averages were calculated. Peak height and 
SIN were investigated for use in RIE calculations, but their relative standard deviations 
were greater than those using areas. Parent ion peaks, adduct peaks, fragmented peaks, 
and dimer peaks were necessarily included in RIE calculations to achieve reasonable 
standard deviations. Radical peaks were found to be significant in the DHB matrix. 
Radical peaks resulting from electron transfer reactions, appear in the spectra at mlz ratios 
equivalent to the mass of the corresponding neutral species and one mlz less than the 
corresponding charged ion. They appear in spectra along with the charged species and at 
almost equal intensities. 
In order to compare averages from different populations, A and B, which have 
different individual standard deviations (SA and SB), it is necessary to calculate the pooled 
standard deviation (SAB) to determine if the differences are real or only due to random 
error. In the case of the RIE studies presented in this chapter, the SAB was calculated for 
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the alone and mixture averages. Based on the number of trials for each (n), SAB was 
calculated as follows: 
Using the SAB, the t value can be calculated: 
texp = 
If the calculated, experimental t value (texp) is less than the tabulated, theoretical t value 
(ttheor), then the two populations are not significantly different and the difference is due to 
random error. If, on the other hand, texp is greater than ttheor, the two populations are 
significantly different and not due to random error. 
Optimization. The effect of ~DiHA solvent (H20 vs. MeOH) on HA ionization 
was analyzed, in the DHB matrix. Increased ionization (~two-fold) was observed in H20 
relative to MeOH. This likely due to a greater number of cations present in water 
compared to MeOH. In the RIE comparison studies, MeOH was necessarily used so that 
solvent was consistent among lipid and ~DiHA solutions and mixtures. The dried-droplet 
method was also preferred in these studies as it produced spots of greater homogeneity 
providing for greater reproducibility among spots. RIEs were calculated using a variety 
of peak combinations before determining that inclusion of a greater number of peaks (i.e. 
isotopic and radical peaks) resulted in lower standard deviations. 
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RESULTS AND DISCUSSION 
Comparison of Matrices of Different pHs for the Detection of ADiHA 
Various matrices were tested to determine the one that provides greatest 
ionization for ADiHA and thus higher sensitivity. Acidic matrices were used to evaluate 
ionization in the positive ion mode while basic matrices were used to evaluate negative 
ion formation. Neutral, or nearly neutral, matrices were evaluated for detection in either 
positive or negative mode. 
Positive Ion Detection 
The acidic matrices, TM and DHB, and the nearly neutral matrix, PNA, were 
evaluated as matrices for the detection of ADiHA in the positive ion mode (Fig. 4-5). TN 
were also evaluated but ADiHA was not detected. Both DHB and TM matrices were 
successful at ionizing ADiHA (Fig. 4-5a and 4-5b); however, PNA ionized ADiHA only 
slightly thus leading to poor SIN (Fig. 4-5c). A calibration curve was constructed for TM 
and the lowest concentration that gave a reasonable signal (SIN ~ 10) was 0.025 mg! mL 
(62.5 pmoles per spot). This DL is not as good as that obtained with DHB and reported 
by Schiller and coworkers (DL = 40 fmols per spot) in 2006.225 It is possible that the 
newer mass spectrometer used by Schiller's group provides greater sensitivity than our 
instrument (purchased in 1999). TM produced clean spectra void of any significant 
matrix-related peak. DHB had several matrix-related peaks in the lower mass range (100-
300 m/z) , but none that interfered with the detection of ADiHA (~350-450 m/z). The 
spectra using PNA, however, were plagued by a significant number of matrix-related 
peaks and clusters of peaks. PNA matrix-related peaks are spread over a larger mass 
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Figure 4-5. MALDI-MS spectra of 1.0 mglmL ~DiHA in a) TM b) DHB and c) PNA 
matrices in the positive ion mode. * Additional matrix-related peaks. t Plasticizer 
contaminant peak (mlz = 413). 
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overlap with the ~DiHA peaks at 362 and 380 mlz units. For these reasons, PNA was 
ruled out as a suitable matrix for positive ion detection. 
Observed ions for ~DiHA and their calculated isotopic masses are provided in 
Table 4-1. Of these peaks, the protonated species, [NaHA + Ht, was typically the most 
abundant. Other adducts of ~DiHA with mlz > 402 have a slightly greater intensity 
relative to the parent ion, [NaHA + Ht (mlz = 402) in TM compared to DHB. This may 
be attributed to DHB competing for cations for ionization whereas TM matrix peaks were 
not detected. Interestingly, fragmented ~DiHA ions (i.e. those with mlz < 402), which are 
present in the DHB spectra, are completely absent in TM. These lower mass peaks lack a 
sodium atom relative to the parent ion at mlz = 402. This may indicate a competition for 
Na+ ions between ~DiHA and the DHB matrix which results in fewer Na+ ions available 
for the ionization of ~DiHA. It is possible that since TM does not appear to adduct with 
cations, that sodium is present in sufficient amount such that all ~DiHA ions contain at 
least one Na + ion. 
Negative Ion Detection 
The basic matric 9AA, and the nearly neutral matrix PNA, were evaluated as 
matrices the detection of ~DiHA in the negative ion mode (Fig. 4-6). In the negative 
mode, only one ~DiHA peak is detected (mlz = 378) corresponding to [HA-Hr. PNA 
produces slightly fewer matrix-related peaks in the negative mode compared with 
positive mode. Unfortunately, a cluster of matrix peaks at 378 mlz interferes with the 
detection of ~DiHA (Fig. 4-6a). 9AA also produces several matrix-related peaks but 
none interferes with the detection of ~DiHA (Fig. 4-6b). AAN was also evaluated, but 
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Figure 4-6. MALDI-MS spectra of 1.0 mg/mL ~DiHA in a) PNA and b) 9AA matrices 
in the negative ion mode_ * Additional matrix-related peaks. 
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high basicity of AAN could easily remove a proton from ~DiHA. However, it is unclear 
at this time why negative ions were not observed when AAN was used as matrix. 
Assignment and PSD of Select ADiHA Peaks 
PSD was performed on select ions to confirm the assignments made in the 
positive ion mode. The PSD spectrum of [NaHA+Nat (mlz = 424) is shown Fig. 4-7 and 
the other PSD spectra, [NaHA+H20-Ht (mlz = 418) and [NaHA+Ht (mlz = 402), are 
provided in Appendix B (Figs. B-3 and B-4). Of particular interest was to verify the peak 
at 418 mlz units as a true ~DiHA-related peak. This was confirmed in the PSD spectra of 
the [NaHA+Nat ion which revealed a mass fragment at mlz = 418 (Fig. 4-7a). 
Interestingly, fragmentation related to the GlcNAc monosaccharide was observed in all 
three PSD spectra, but no peaks related to the ~GlcU monosaccharide were observed 
(Fig. 4-7b). This is in agreement with previous tandem MS studies of HA which also did 
not observe ~GlcU fragments?28 Although no reason has been given previously, it is 
plausible that the number of ions required to create a charge on the saccharide determines 
which saccharide is ionized. In the case of ~DiHA, the GlcNAc residue only requires one 
cation to create a positive charge while ~GlcU requires two cations (one to neutralize the 
COO- and one to form the positive charge). 
Effect of ADiHA on Headgroup Loss of pes by TM 
Cleavage of the PC HG occurs significantly when TM are used as matrix (Fig. 4-
8a). This can be monitored by comparing the relative intensity of the peak at mlz = 184 
corresponding to the cleaved and protonated HG, to the intensity of the parent ion at mlz 
= 734 mlz. DHB, in contrast, produces only minor degradation compared to TM (Fig. 4-
8b). It also leads to small amounts of the corresponding lyso-PC ion (mlz = 496). It was 
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Figure 4-7. Post source decay (PSD) spectra of the 8DiHA peak at mlz = 424.4 in the 
range of a) 150 - 300 b) 300 - 450 mlz units. Spectra were obtained in the positive ion 
mode using DHB as matrix. 
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Figure 4-8. MALDI-MS spectra of PC in a) DHB, b) TM, and c) TM in the presence of 
~DiHA (l: 1 v/v PC:~DiHA) in the positive ion mode. * Matrix-related peaks. 
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cleavage. However, through the analysis of ~DiHAIPC mixtures using TM as matrix, no 
appreciable reduction in the intensity of the HG ion was observed in the presence of 
~DiHA (Fig. 4-8c). This suggests that ~DiHA does not protect PC from HG cleavage. 
This does not rule out the possibility of ~DiHA/PC interactions, but only that ~DiHA 
does not interact with PC in a way that protects its HG from being cleaved. 
Comparison of RIEs for ADiHA and PL Mixtures 
Relative ionization efficiencies (RIEs) studies were performed in order to 
understand the ionization processes occurring and how the ionization of lipids and lipid 
metabolites may be affected by ~DiHA. Each analyte was analyzed alone and in a 1:2 
molar mixture of ~DiHA and lipids. Concentrations were kept equal in the control 
solutions (single component) and in the mixtures so that equal molar amounts of each 
analyte would be present. RIEs were calculated as discussed in the Material and Methods 
section. DHB was chosen as the matrix for this analysis because of its suitability to the 
ionization of ~DiHA and the minimal amount of HG group loss in PC. The PLs selected 
were PC, PE, and P A. These were chosen in order to investigate possible interaction 
between ~DiHA and HGs of varying sizes. The lipid metabolites analyzed were DAG, 
LPCs-LPC(SA), LPC(OA), and F As-SA, OA. 
Spectra of the mixtures are shown in Figures 4-9 and 4-10 for the PLs and lipids 
metabolites, respectively. A bar graph (Fig. 4-11) summarizes the changes in ionization 
efficiencies for ~DiHA and the lipids and gives error bars, for one standard deviation. 
Tables containing the experimental data (RIE averages, standard deviations, and number 
of trials) as well as results from statistical analysis (pooled standard deviations, t values, 






































































Figure 4-9. MALDI-MS spectra of 1:1 v/v ~DiHAIlipid mixtures: a) ~DiHAIPA b) 
~DiHAIPE c) ~DiHAIPC mixtures. Spectra were obtained in the positive ion mode using 
DHB as matrix. HG = phosphocholine for PC and phosphoethanolamine for PE. 
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Figure 4-10. MALDI-MS spectra of 1:1 v/v ~DiHAIlipid metabolite mixtures: a) 
~DiHAIDAG b) ~DiHA/LPC-SA c) ~DiHAlLPC-OA mixtures. Spectra were obtained 
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Figure 4-11. Changes in RIEs in HAllipid mixtures. a) Effects on ~DiHA's RIEs by 
lipids. b) Effects on lipids' RIEs by ~DiHA. Error bars indicate a ± 1 standard deviation. 
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Spectra for the ~DiHA/SA and ~DiHA/OA mixtures are not shown as these 
analytes were undetectable even in the control solutions of SA or OA. This is not 
surprising due to their acidic nature. The deprotonated species would dominate the 
equilibrium and the formation of positively-charged ions is not favored. Cesium and 
silver chlorides were added in an attempt to promote ionization, however the F As 
remained undetectable. This is in agreement with results from a previous study by Yu et 
ai. who reported that the addition of Cs and Ag to FA solutions did not lead to observable 
ions in DHB,231 They did find that using Cs and Ag with a polyporphin matrix was 
effective at ionizing F As. Only ~DiHA RIEs could be calculated in ~DiHA/SA and 
~DiHA/OA mixtures and compared to the RIE of ~DiHA alone. In the case of DAG, 
RIE calculations were not performed due to the poor SIN and the lack of reproducibility 
in peak areas. 
Decreases in RIEs for both ~DiHA and the lipid species are observed in the 
binary mixtures. Reductions in ionization efficiency are expected to occur if 
intermolecular interactions affect the polar regions of the analytes, as they are the sites 
that responsible for ionization. The following paragraphs discuss the possible reasons for 
the decrease in the RIE of ~DiHA when the various lipids were included in the mixture 
and the impact of ~DiHA on the RIE of the lipids. An approximately 50% decrease in 
RIE for all lipids was observed in the presence of ~DiHA. In lipids containing a 
phosphocholine HG, interactions between ~DiHA's COO- and the positively-charged 
choline moiety may result in the blockage of the phosphate group from being ionized. 
Effect 0/ Lipids on the RIE 0/ ADiHA 
The ~DiHA is negatively charged at neutral pH due to the presence of a 
carboxylate group on ~GlcU. Therefore in order to be ionized with a positive charge of 
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+ 1, one proton or cation is required to neutralize the carboxylate and a second one is 
needed to provide the overall positive charge. Since a proton or cation will be 
preferentially drawn to the negatively-charged carboxylate, before any other position, this 
will be referred to as the first site of ionization. The location of the second site of 
ionization is unknown, but is believed to be on the G1cNAc ring due to the presence of 
more electronegative sites (hydroxyl groups) relative to ~G1cU and thus a higher electron 
density. This possibility is supported by the presence of GlcNAc cationic fragments in the 
PSD spectra discussed previously. Interestingly no ~G1cU-related fragments were 
detected in the positive mode. 
As seen in Fig. 4-11 a, the ionization of ~DiHA was reduced in the presence of 
each of the various lipids tested except for P A. Unlike in Chapter 3, where the mixtures 
were prepared and analyzed in water, hydrophobic interactions are not expected to cause 
changes in ionization efficiency as the cation or proton transfer occurs at polar sites in the 
gas phase. 
Impact of PLs on the RIE of ADiHA. P A had no effect on the ionization 
efficiency of ~DiHA. This finding indicates that P A does not block either ionization site 
on ~DiHA. Due to the negative charge of the phosphate group, PAis not expected to be 
attracted to the ~G1cU containing the negatively carboxylate group. Although the 
location of second site of ionization is unknown, the lack of change in the ionization 
efficiency of ~DiHA suggests that this site is not blocked by P A. An interaction between 
the two analytes cannot be ruled out (see next section) but such interaction does not block 
either ionization site on ~DiHA. 
PC and PE showed comparable effects on the reduction of ~DiHA ionization 
efficiency. Both reduced the ionization efficiency by approximately one-half. Due to their 
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positively-charged HG, they are likely to be attracted to the negatively-charged 
carboxylate of ~DiHA. However, interaction with the second ionization site cannot be 
conclusively ruled out. 
Impact of Smaller Lipids on the RIE of ADiHA. Figure 4-11 a reveals the 
significant reduction of the RIE of ~DiHA when either LPCs, DAG or F As were 
included in the sample. Indeed, they decrease the ionization efficiency by a factor of 
approximately eight, which is four times greater than the reduction caused by the PLs. 
Interestingly, the lack of significant difference in the reduction of ~DiHA ionization 
efficiency caused by F As and LPCs, suggests that the positively-charged choline HG 
does not play a significant role in blocking the ionization sites of ~DiHA. DAG and 
LPCs affected ~DiHA similarly; therefore, the phosphate group (absent in DAG) cannot 
be directly implicated in the interaction with ~DiHA. The paragraphs below discuss 
possible interactions of ~DiHA and each of individual lipids in the gaseous plume. All of 
these lipid metabolites contain only a single tail with the exception of DAG. Having a 
single tail reduces steric hindrance and could allow the lipids to be accommodated by 
~DiHA more easily. The conformation of DAG is generally considered to have to two 
acyl tails on the same side of the glycerol backbone. However, the gas phase is generally 
less understood than the solution phase and DAG may adopt a different conformation 
than it does in the solution phase. In the gas phase, the acyl tails ofDAG may 'unravel' to 
form a single long chain with the glycerol backbone in the center of the molecule. In this 
way DAG resembles the other lipid metabolites which contain only a single tail. This 
may explain the similar effect of DAG and the other lipid metabolites on ~DiHA's 
ionization efficiency. 
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In all cases, we cannot say with complete certainty which ionization site on 
~DiHA is being blocked. In fact either or both sites may be blocked. In the case of the 
F As and P A which are negatively charged at neutral pH, they could not be attracted to 
~DiHA's carboxylate group. Therefore, for the FAs we propose that their interaction 
which ~DiHA involves the blocking of the second ionization site. 
Effect of ADiHA on the RIE of Lipids 
The relative decreases of the ionization efficiency of all lipid species caused by 
the presence of ~DiHA were similar in all species. This is indicative of gas phase 
interaction(s) between ~DiHA and all the lipid species. For each lipid species, the 
ionization efficiency varies in the absence of ~DiHA. For example, the LPCs started with 
higher ionization efficiency than the PLs. In the case of a positively-charged HG, the only 
requirement is the addition of a proton or cation to neutralize the negatively-charged 
phosphate group to obtain a positive charge on the molecule. Based on the data, having a 
single tail increases the ionization efficiency. The presence of two acyl tails increases the 
hydrophobic nature of the molecule and reduces the overall electron density. Therefore 
the drive is somewhat diminished to attract a proton or a cation. 
Although the RIE of ~DiHA was not affected by P A, the opposite was observed 
as ~DiHA has a large effect on the ionization of P A. This indicates that interaction( s) do 
indeed occur between the two molecules; albeit one that does not block an ionization site 
on ~DiHA. ~DiHA, however, must partially block an ionization site on P A for the 
reduction in P A ionization efficiency to be observed. In proposing a model for this 
interaction, it is unlikely that PA will be near ~GlcU due to its negative charge. If the 
second site of ionization for ~DiHA is the electron-rich region of GlcNAc as proposed 
earlier, PA may interact with ~DiHA through the acetamido group. In this way, H-
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bonding between the phosphate group of P A and the amide proton of 8DiHA may 
provide a stabilizing interaction that results in the blockage of the phosphate ionization 
site on PA. 
If statistically different, 8DiHA has the greatest effect on P A and the least effect 
on PE. This is surprising because PE has a positive charge and PAis negatively charged. 
This can be rationalized as the lack of a choline or ethanolamine HG inhibits the effects 
of 8DiHA. To understand these differences, the ability of the HG to participate in H-
bonding was evaluated. All the lipids are capable of accepting H-bonds through either the 
phosphate group or the nitrogen of choline or ethanolamine. PE is the only lipid whose 
HG is capable of donating a H-bond. Since PE was the least affected by 8DiHA, it can be 
deduced that the H-bond donating from the lipid to 8DiHA is not a critical interaction 
causing the reduction of lipid ionization efficiency in the presence of 8DiHA. Therefore, 
it is proposed that the ability of the lipids to accept one or more H-bonds may play the 
biggest role in determining the extent of lipid interactions with 8DiHA. In comparing 
abilities to accept a H-bond from 8DiHA, it seems that having a positively-charged HG 
reduces the degree of H-bonds from 8DiHA relative to PA which is negatively charged. 
With hydrogen being partially positive in terms of electronegativity, it will have the 
greatest desire to donate to a negatively-charged HG. Therefore, PA is proposed to 
experience the greatest reduction in ionization efficiency because of the formation of 
strong H-bonds with the OH groups of 8DiHA. These bonds are expected to stabilize the 
negative charge ofthe phosphate and lead to the reduction ofPA's ionization efficiency. 
In the spectra of P A and PE mixture spectra (Figs. 4-9a and 4-9b), peaks 
corresponding to the loss of a HG are of high intensity, relative to the parent ion. This 
cleavage is not caused by 8DiHA, as this cleavage is seen in the lipids alone. Lipids 
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containing a phosphocholine HG also show HG cleavage peaks (mlz = 184), but with 
much lower relative intensities. The exact causes of the HG cleavage in P A and PE are 
not known, but may be related to the laser fluence. 
In Situ Detection of Lipids in the VH 
Preliminary data have been obtained for porcine and human VH to optimize 
experimental conditions and to determine the presence of lipid and lipid metabolites. 
Through regional sampling of the VH, the source of lipids (lens or retina) may be 
determined. Lipids in the anterior portion are likely to originate from the lens, while 
lipids in the posterior portion would be more likely to come from the retina. PNA was 
found to be the most suitable matrix for in situ analysis, although detection with DHB 
was also possible.95 PNA, however, gave mass spectra with higher SIN and more lipid-
related peaks could be detected. 
Spectra from the anterior portion of the VH did not reveal any lipid-related peaks 
and spectra from this region of the VH were of poor SIN. However, the posterior portion 
of both human and porcine revealed several lipid peaks, between mlz = 700-900, related 
to PCs and SMs (Fig. 4-12). Tentative assignments have been made for selected peaks 
which are given in Figure 4-12. Additionally, some lipid peaks were seen in both human 
and porcine species, such as those related to PCs. Some differences are expected due to 
the difference in the age between the porcine and human at the time of death. The porcine 
eye is much younger « 5 years of age) than that of the human (54 years of age) and thus 
it is expected that the porcine eye will have undergone much less liquefaction than the 
human in its lifetime. However, mass spectra of the human eye were of much lower SIN 
due to liquefaction and subsequent dehydration of the eye that resulted during storage (~2 
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Figure 4-12. MALDI-MS spectra of posterior portions of the VH from: a) porcine and b) 
human eyes. Spectra were obtained in the positive ion mode using PNA as matrix. 
Tenative assignments are shown. 
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lipids has been carried out on the VH, but further optimization is needed. The data 
presented here suggest that more lipids exist in the posterior region of the VH, suggesting 
a retinal origin. Turnover of retinal cells may be a source of lipids and metabolites that 
contribute to age-related VH liquefaction. 
CONCLUSIONS 
Matrices with different pKa were compared for the detection of ~DiHA by 
MALDI-MS. ~DiHA was shown to favor positive ion detection using acidic matrices 
over negative ion detection with either neutral or basic matrices. DHB was found to be 
most suitable for ~DiHA analysis due to its high SIN and lack of overlapping matrix 
peaks with the analyte. 
Possible gas-phase interactions with lipids were inferred from changes in RIEs 
between the control solutions (one component alone) and binary mixtures. Reductions in 
RIEs are proposed to result from the partial blockage of an ionization site on the analyte. 
~DiHA was shown to decrease significantly the RIE of all lipid species. Indeed, even 
those lipids that were affected the least exhibited an approximately 50% decrease in RIE. 
LPC-OA and P A were found to be affected the most by ~DiHA. It is possible that 
~DiHA interacts better with the HG of these two PLs because there is a single acyl chain 
in LPC-OA and, in the case of PA, the phosphate group is totally accessible. H-bonds 
between ~DiHA and the phosphate group may stabilize the negative charge and prevent 
the protonation or cationization step needed to form the cation. 
Changes in RIE for ~DiHA were compared in the presence of different lipids. All 
lipids, except for P A, caused a reduction in the RIE of ~DiHA. PC and PE showed the 
smallest changes in the loss of ~DiHA RIE. Smaller lipids, such as F As, LPCs, and OA 
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were found to cause the greatest reduction in the RIE of ~DiHA. It was proposed that 
their smaller sizes favor interactions with ~DiHA that block an ionization site(s) on 
~DiHA and prevent its ionization. 
Although DHB was found to be the most suitable matrix in the in vitro studies, 
PNA gave better results for in situ analysis of biological samples. This trend was 
observed in previous studies by our group.95 Therefore, exploratory studies were carried 
with PNA on the VH from porcine and human eyes. Regional differences emerge when 
comparing anterior and posterior portions of the VB. More lipids were found in the 
posterior region suggesting that they are of retinal origin. Tentative assignments were 
made corresponding to PC and SM species. However, further studies are needed to 
confirm these assignments. Nevertheless, these preliminary results do support the 
possibility that retinal lipids contribute to the liquefaction of the VH which, as presented 




CONCLUSIONS AND FUTURE DIRECTIONS 
The theme explored in this dissertation focused on the interactions between 
hyaluronan (HA) and lipids. Model studies on the disaccharide ~DiHA and the polymeric 
form of HA have been performed in the absence and in the presence of lipids. Fatty acids 
(FAs), lyso-phosphatidylcholines (LPCs), diacylglycerol (DAG), and several 
phospholipids (PLs) were explored to understand their individual interactions and those 
with HA. Upon addition of lipids to aqueous solutions of polymeric HA, no physical 
changes could be visually detected. However, from nuclear magnetic resonance (NMR) 
spectral changes in line broadening, and to a less extent in chemical shifts of NMR 
resonances, the interactions between HA and the various lipids were inferred. Further 
model studies with the disaccharide ~DiHA and lipids were carried out with the use of 
matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS). Changes in 
the relative ionization efficiencies of ~DiHA and lipids were used to evaluate the 
interaction of these compounds in the gas phase. The paragraphs below summarize the 
main conclusions and provide possible directions for future research. 
Model Studies of ADiHA Anomers by NMR Spectroscopy 
NMR studies revealed spectral complexity and required the use of powerful 
inverse 2D heteronuclear techniques to enable the assignment of all 1 H and BC 
152 
resonances of both anomenc forms of the disaccharide present In the 
sample. Temperature-dependent studies and determination of temperature coefficients for 
NH and OH groups have permitted the investigation of intra- and intermolecular H-
bonding. Ring protons were found to be little affected by changes in temperature and 
only a small upfield shift (shielding) due to weakening of interactions with D20. The 
largest (least negative) temperature coefficient was found for the NH proton (-4.7 x 10-3 
ppbrC) of the a anomer indicating involvement in a relatively stronger intramolecular H-
bond, compared to OH and NH of the ~ anomer. Based on previously reported torsional 
angles of the ~-1,3 glycosidic linkage, H-bonds are found to be possible with either U-H2 
or U-H3. 
These studies were performed at rather low concentrations (4.18 ~M) for the 
~DiHA. In the future, concentration-dependent studies may be carried out to understand 
the effect of concentration on H-bonding interactions among neighboring disaccharides. 
At higher concentrations, intermolecular H-bonding interactions between disaccharides 
are expected to compete with disaccharide-water H-bonds. 
Model Studies of Polymeric HA and Interactions with Lipids in the Aqueous Phase 
In comparison to the model disaccharide, the NMR spectra of polymer revealed 
considerable broadening and loss of anomeric differences. Temperature-dependent 
studies, in combination with theoretically calculated trends, suggested the opening up of 
the polymer and greater interactions with D20 as the temperature increased. Hyaluronan 
and lipid mixtures were analyzed to probe possible interactions in solution. By 
monitoring changes in band broadening, and to a lesser extent changes in chemical shift, 
lyso-I-oleoyl-phosphatidylcholine (LPC-OA) was found to cause the greatest degree of 
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changes in HA. Through comparison of other lipid-related species, stronger interactions 
were found for lipids containing either a site of unsaturation and/or a large positively-
charged HG such as choline. Hydrophobic interactions (between lipid acyl tails with 
hydrophobic patches along the HA chain) and hydrophilic interaction (involving polar 
groups ofHA and the charged lipid HG) have been proposed. 
Future studies should utilize through-space 2D NMR techniques such as Nuclear 
Overhauser Effect Spectroscopy (NOESY) and Rotating frame nuclear Overhauser Effect 
Spectroscopy (ROESY) so that through-space interactions « 5 A) can be detected 
between HA and the lipid molecules. These studies will help validate the models 
proposed in this work. 
Model Studies of ADiHA and Interactions with Lipids in the Gas Phase 
After optimization of the experimental conditions for the detection of ~DiHA by 
MALDI-MS, DHB matrix was found to be the matrix of choice as it gave spectra with 
high SIN and no interfering matrix peaks in the positive-ion mode. ~DiHA and lipid 
mixtures were then analyzed to establish whether or not their presence in the same 
sample had an effect on their respective RIEs. Indeed, significant reductions were 
observed in most cases. This suggests that gas phase interactions result in the partial 
blocking of ionization sites. Phosphatidic acid (PA) was the only lipid that did not affect 
the RIE of ~DiHA. This has been attributed to repulsion between the negatively-charged 
PA and the negatively-charged carboxylate of ~DiHA. This repulsion precludes the 
blocking of the most logical ionization sites of ~DiHA. Smaller lipid metabolites were 
found to block the ionization site of ~DiHA most effectively as inferred from the greatest 
reductions in the RIE of ~DiHA. 
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Analysis of the vitreous humor (VH) directly to monitor for the presence of lipids, 
as well as age-related differences, is the long-term goal of these studies. However, the 
complexity of such analysis requires a thorough understanding of model studies for 
individual components. Due to the complex nature of the biological matrices, extraction 
and separation techniques will likely be required so that lipids can be detected with 
greater SIN. Optimization of VH studies will also require improvement of the protocol 
used for sectioning of the vitreous. Regional differences, as well as potential 
concentration gradients could be studied by MALDI-MS if sectioning can be done in a 
small enough manner. 
Biological Aspects 
The effects of lipid interaction within the VH are not currently known. Lipids, 
which are not native to the VH, may affect either major component of the VH biomatrix: 
collagen, HA, or both. It is therefore necessary to understand the effects of lipids on 
individual component of the VH first. In these studies, the interaction between lipids and 
HA have been probed through the analysis of binary mixtures which contain only HA and 
only one lipid species at a time. Ultimately, studies need to be performed on ternary 
mixtures of HA, collagen, and lipids. The studies presented herein have focused on HA 
and lipids exclusively and represent the first step in understanding the impact that lipids 
may have on the complex biomatrix of the VH. 
Understanding molecular compositional and structural changes in the VH is 
relevant because of the significant liquefaction that occurs in the VH throughout the 
lifetime. Liquefaction results in the contraction of collagen fibrils with concurrent 
pooling of HA which compromises the structural integrity of the matrix. Because the 
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surrounding ocular tissues depend on the VH for mechanical support, liquefaction can 
lead to further complications such as posterior vitreous detachment. The roles of lipids in 
this degradative process are not completely known, but the results reported in Chapter 3 
do show that HA interacts with lipids, particularly with those with sites of unsaturation. 
Preliminary Studies 
As preliminary studies for future work, the VH of both porcine (Fig. 5-1) and 
human species (Fig. 5-2) have been analyzed. The previous chapter presented preliminary 
studies performed on the VH by MALDI-MS. NMR analysis was also applied to the VH 
of both species. Additionally, a preliminary oxidation study was carried out on the 
porcine VH. In this study, a fresh, frozen eye was examined quickly « 24 hours) after 
death and compared to an eye that was exposed to air and sunlight, at room temperatures, 
for more than 24 hours. These studies reveal significant differences between the NMR 
spectra collected for the two eyes. Specifically, the loss of some resonances was observed 
particularly of lower chemical shifts, and this was accompanied by an increase of 
resonances at high chemical shifts (5-8 ppm). This higher chemical shift region 
corresponds to proton resonances related to oxygen-containing moieties which are 
proposed to result from the oxidation caused by exposure to air and sunlight. The I H 
NMR spectrum of VH from the human eye is provided in Figure 5-2 and reveals the 
spectral complexity of this biological matrix. 
It is clear from these preliminary data that the complexity of the VH will require a 
systematic approach to separate its components and evaluate their roles. Future studies, 
both NMR and MALDI-MS, must also examine the effects of lipids on collagen, the 
other major macromolecule of the VH. It is likely that the cooperative nature of HA and 
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Figure 5-1. I H NMR spectra of non-exposed (black) and exposed (red) porcine VH. Comparison of the a) upfield (0.3 - 3.3 ppm) 
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oom) reQions. 
those presented here will be beneficial to understanding their potential. Once the 
interactions of lipids are understood for both HA and collagen separately, the ternary 
(HAIcollagenilipid) mixture can then be investigated. This will provide a more accurate 
and realistic model for the VH. 
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Figure B-1. 1 H NMR spectrum of ~DiHA displaying all non-exchangeable proton resonances corresponding to both anomers (a 
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Figure B-2. 1 H NMR spectra of polymeric HA displaying all non-exchangeable proton resonances. Sample was prepared at 5 
mg/mL in D20 and the spectra was obtained at 25 DC. 
Chemical Shift () (ppm) AChemical Shift (ppm) 
Atom of No CHCl3 CH30H H2O Ab=b -b solv no solvent 
Interest solvent E = 4.9 E = 32.63 E = 78.39 ACHCl3 ACH30H AH20 
N-Hl 4.1287 4.5025 4.7548 4.7965 0.3738 0.6261 0.6678 
N-AcNH 1.5276 2.8766 3.5290 3.6554 1.3490 2.0014 2.1278 
NH 2.7140 3.6804 4.2660 4.3692 0.9664 1.5520 1.6552 
N-H2 4.5352 4.4356 4.2452 4.2088 -0.0996 -0.2900 -0.3264 
N-H2 2.7930 3.0122 3.3350 3.4126 0.2192 0.5420 0.6196 
N-H4 4.3549 4.3786 4.2565 4.2212 0.0237 -0.0984 -0.1337 
N-OH4 0.8771 0.6940 1.0659 1.2795 -0.1831 0.1888 0.4024 
N-H6 4.5391 4.4917 4.4768 4.4767 -0.0474 -0.0623 -0.0624 
N-H6' 3.8963 4.0120 4.0428 4.0460 0.1157 0.1465 0.1497 
N-OH6 -0.3482 1.1304 1.7086 1.7894 1.4786 2.0568 2.1376 
N-H5 2.8406 3.1779 3.4233 3.4672 0.3373 0.5827 0.6266 
N-CH3 1.7591 1.7708 1.6989 1.6818 0.0117 -0.0602 -0.0773 
N-CH3' 1.8030 1.9688 2.1354 2.1762 0.1658 0.3324 0.3732 
N-CH3" 1.8286 2.1675 2.3217 2.3398 0.3389 0.4931 0.5112 
U-HI 3.5368 3.7799 4.0488 4.1434 0.2431 0.5120 0.6066 
U-H2 3.4411 3.4999 3.3687 3.3274 0.0588 -0.0724 -0.1137 
U-OH2 -1.6219 -0.5868 0.0027 0.3052 1.0351 1.6246 1.9271 
U-H3 2.4451 2.8360 3.1536 3.2223 0.3909 0.7085 0.7772 
U-OH3 1.3047 2.5723 3.1199 3.1827 1.2676 1.8152 1.8780 
U-H4 4.0749 3.9748 3.8788 3.8543 -0.1001 -0.1961 -0.2206 
U-HS 3.1313 3.2235 3.3890 3.4241 0.0922 0.2577 0.2928 
U-COOH 1.3066 2.4302 2.8455 2.8965 1.1236 1.5389 1.5899 
Table B-1. Theoretically calculated chemical shifts for the HA disaccharide in solvents 
of different polarities (dielectric constants, c). Changes in chemical shift, relative to HA 
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Figure B-3. Post source decay (PSD) spectra of the ~DiHA peak at m/z = 402.4 in the 
range of a) 150 - 300 b) 300 - 450 mlz units. Spectra were obtained in the positive ion 
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Figure B-4. Post source decay (PSD) spectra of the L1DiHA peak: at mlz = 418.0 in the 
range of a) 150 - 300 b) 300 - 450 mlz units. Spectra were obtained in the positive ion 
mode using DHB as matrix. 
189 
HA HA PC PC HA HA PE PE 
Alone Mix Alone Mix Alone Mix Alone Mix 
RIEAvg 0.41 0.16 0.44 0.20 RIEAvg 0.41 0.21 0.74 0.50 
SO 0.09 0.02 0.11 0.06 SO 0.08 0.05 0.16 0.09 
n 5 7 7 7 n 5 5 6 5 
Mix:Alone 0.38 0.45 Mix:Alone 0.51 0.68 
SO pooled 0.06 0.09 SO pooled 0.07 0.13 
t
ealc 7.27 5.20 tCaiC 4.88 2.94 
ConfLimit >99.95% > 99.95% ConfLimit > 99.95% >99.00% 
HA HA PA PA HA HA OAG OAG 
Alone Mix Alone Mix Alone Mix Alone Mix 
RIEAvg 0.41 0.40 0.90 0.33 RIEAvg 0.41 0.06 ----- -----
SO 0.08 0.09 0.19 0.08 SO 0.13 0.03 ----- -----
n 5 5 5 5 n 5 5 ----- -----
Mix:Alone 0.97 0.36 Mix:Alone 0.16 -----
SO pooled 0.08 0.14 S°pooled 0.10 -----
t
ealc 0.23 6.23 tealc 5.70 -----
ConfLimit no change > 99.95% ConfLimit > 99.95% -----
HA HA LPC-OA LPC-OA HA HA LPC-SA LPC-SA 
Alone Mix Alone Mix Alone Mix Alone Mix 
RIEAvg 0.41 0.08 5.60 2.45 RIEAvg 0.41 0.04 1.85 1.11 
SO 0.09 0.03 1.09 0.39 SO 0.09 0.01 0.42 0.29 
n 5 5 5 5 n 5 5 5 5 
Mix:Alone 0.19 0.44 Mix:Alone 0.10 0.60 
SO pooled 0.07 0.82 SO pooled 0.07 0.36 
tealc 7.79 6.07 tealC 8.98 3.26 
ConfLimit > 99.95% > 99.95% ConfLimit >99.95% >99.00% 
HA HA OA OA HA HA SA SA 
Alone Mix Alone Mix Alone Mix Alone Mix 
RIE Avg 0.41 0.05 ----- ----- RIEAvg 0.41 0.03 ----- -----
SO 0.09 0.02 ----- ----- SO 0.09 0.01 ----- -----
n 5 5 ----- ----- n 5 5 ----- -----
Mix:Alone 0.11 ----- Mix:Alone 0.08 -----
SO pooled 0.07 ----- SO pooled 0.07 -----
t 
calc 8.75 ----- t calc 9.19 -----
ConfLimit > 99.95% ----- ConfLimit >99.95% -----
Table B-2. Statistical analysis of relative ionization efficiencies (RIEs) for HA and lipids. 
Alone and mixture solutions: RIE averages (A vg), standard deviations (SD), and the 
number of spectra analyzed (n) are included. Alone/mixture comparisons: ratio of RIEs 
(mixture: alone), population standard deviation (SDpooled), experimental t value (tcalc), and 
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